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PMine tailings deposited by historic floods contaminate large areas of the upper Clark 
Fork River floodplain and affect aquatic organisms. Based on floodplain mapping of 
tailings thickness, over 704,000 m^ of mine wastes are spread over 275 ha along a 10 
kilometer reach near the river's headwaters. Tailings are up to 1 . 2  m thick and occur 
primarily in fine grained overbank deposits and in reworked mixtures of tailings 
and cleaner sediment in point bars. Metal concentrations in total, acid-soluble, and 
water-soluble extracts of floodplain sediments show that metals released by oxidation 
of sulfides in tailings move either to the ground surface and precipitate as hydrated 
metal sulfates or move downward to be concentrated in acid-extractable phases such 
as diagenetic sulfides and organic complexes in reduced tailings or pre-mining 
floodplain deposits. Acid-extractable (bioavailable) concentrations of As, Cu, Fe, Pb, 
and Zn are very high in bank sediments. When eroded into the river, 
concentrations of these metals can exceed EPA aquatic life standards. Cattle grazing 
has a deleterious effect on streambank vegetation and increases the extent of bank 
erosion and therefore the amount of metal-rich sediment in the river. Crusts of 
sulfate precipitates on streamside tailings dissolve readily releasing high 
concentrations of As, Cd, Cu, Fe, Zn, and H+ to rainwater and cause periodic fish 
kills when contaminated runoff reaches the river. A pollution index is proposed to 
quantify the average enrichment of water-soluble metals over aquatic hazard levels 
which occur in floodplain surface sediments. Because the pollution index can be 
predicted from pH, reconnaissance mapping of metal contamination in surface 
sediments on the Clark Fork River floodplain can be conducted simply with a pH 
meter.
PREFACE
This thesis consists of tw o papers subm itted  separately  to professional 
journals for publication. The first paper, "S tratigraphy and  C hem istry  of 
M etal-C ontam inated  Sedim ents, U pper C lark Fork River Valley, M ontana," 
com prises C hap ter 1 . The second paper, "Prediction of W ater-Soluble M etal 
C oncentrations in Fluvially D eposited Tailings," com prises C hap ter 2. 
Because of this organization , repetition  of som e inform ation  p resen ted  in the 
thesis is unavoidable. References are d te d  separately  at the  en d  of each 
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Chapter 1. S tra tig raphy  and  C hem istry  of M etal-C on tam inated  
F loodp la in  Sedim ents, U pper C lark  Fork R iver V alley, 
M o n tan a
1
2
In tro d u c tio n
V ast quantities of m ine tailings are spread  over m any  kilom eters of 
floodplain  along the C lark Fork River dow nstream  of the B utte-A naconda 
m ine and  sm elter d istric t (fig. 1). D iagenetic processes change the partition ing  
of heavy  m etals sto red  in these floodplain  sedim ents and  increase the 
quan tity  of m etals w hich are w ater-soluble and  bioavailable. The river 
red istribu tes the  sedim ents by  entrain ing  and  redepositing  them  in bed , bank, 
po in t bar, and  overbank deposits and  thereby increases the exposure of aquatic 
organism s to toxic m etals. The tailings orig inated  prim arily  betw een 1864 and  
about 1915 from  the uncontro lled  d isposal of m ine and  sm elter w astes into 
C lark Fork River tribu taries drain ing  Butte and A naconda (MDHES, 1989).
The ores m ined  w ere dom inantly  sulfides of Cu, Pb, Zn, and  As (M eyer and  
others, 1968). Previous studies (Moore, 1985; Rice and  Ray, 1985; A xtm ann 
and  Luom a, 1987; A ndrew s, 1987; Brook and  M oore, 1988; Brooks and  M oore, 
1989; M oore and  others, 1989) have no ted  the extensive floodplain  
con tam ination  and  have docum ented  relations betw een  m etals in bed  and  
bank sedim ents bu t do  not p rov ide  the deta iled  and  extensive inven tory  of 
floodplain  tailings found  in this report. M apping  and  chem ical data  
p resen ted  here for a ten  km  reach of the C lark Fork River (fig. 1) quantify  the 
extent of floodp la in  contam ination  and  p rov ide  usefu l inform ation  for 
reclam ation planning. In add ition , this s tudy  adds to a lim ited b u t grow ing 
u n d ers tan d in g  of the  source and  quantity  of bioavailable m etals in the  C lark 
Fork R iver system .
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Previous investigations have docum ented  the  e levated  concentrations of 
As, Cd, Cu, Fe, M n, Pb, and  Zn in C lark Fork River sedim ents and  have 
em phasized  different aspects of this contam ination in b ed  and  floodplain  
sedim ents. Rice and  Ray (1985) w ere am ong the first to docum ent elevated 
m etals in flood-deposited  sedim ents. They exam ined As, C d, and  C u 
concentrations in soils (0-25 cm) of different riparian  zones near D eer Lodge 
and  the resu lting  effect on vegetation and  soil m icrobes. F loodplain  
sedim ents have also been sam pled  by  M oore (M oore, 1985; M oore and  others, 
1989) and  by  A xtm ann and  L uom a (1987) in studies of dow nstream  m etal 
trends in bank  sedim ent. These studies found  considerable variability  in 
m etal concentrations and  only  little  evidence for dow nstream  decreases in 
m etal levels, particu larly  betw een W arm  Springs and  G arrison. The 
variab ility  in m etal concentrations found  in these earlier investigations is not 
su rp rising  given the num ber of stratigraphic floodplain  un its an d  the 
variability  in  their m etal content docum ented  by  the p resen t study. Brooks 
and  M oore (1989) conducted  the only  prev ious w ork  w hich  exam ined m etal 
content and  s tra tig raphy  of floodplain  sedim ents aw ay from  the  river. They 
s tu d ied  the m ovem ent of m etals w ith in  and  from  tailings by  observing 
concentrations of m etals in pore  w ater, g round  w ater, an d  sedim ents. 
M obilization and  im m obilization processes w ere  explained  by  differences in 
redox po ten tial in sa tu ra ted  and  unsa tu ra ted  sedim ents and  by  low ering  of 
p H  caused by  sulfide w eathering.
Bed sedim ents have  been the o ther m ain focus of C lark  Fork R iver 
studies. D ow nstream  trends in  m etal concentrations in bed  sedim ents are 
less variable than  for bank  sedim ents, and  dow nstream  declines in
concentration  are ev iden t (M oore, 1985; A xtm ann and  Luom a, 1987;
A ndrew s, 1987; and  Brook and  M oore, 1988). These researchers concluded 
th a t bed  sedim ents are derived  p rim arily  from  erosion of nearby  upstream  
banks and  th a t therefore bed  m aterial content reflects the variability  of m etal 
concentrations in  bank  sedim ents. The overall p ictu re  p resen ted  by  these 
stud ies is one of m assive am ounts of m etals sto red  in floodplain  sedim ents. 
As these sed im ents m ove back and  forth  betw een  the river and  floodplain , 
there  is a continual reprocessing and  release of toxic m etals to the aquatic 
env ironm ent. The net effect is a sporad ic  and  very slow  m ovem ent of m etals 
d o w n  the C lark Fork River valley and , consequently , a long-term  
co n tam ina tion  problem .
M ethods
Sam pling  an d  m app ing  of the contam inated  floodplain  took place du ring  
sum m er 1988. The descrip tion, sam pling , and  m easu rem en t of tailings 
thickness w as done at e rod ing  stream banks and  in excavated soil pits. Color 
aerial pho tog raphs taken  for the E nvironm ental Protection A gency (EPA) in 
A ugust 1983 at a scale of 1:8,000 w ere enlarged  to 1:4,000 and  used  for field 
m app ing .
F loodplain  deposits w ere sam pled  from  freshly exposed vertical surfaces. 
Particles larger than  about 2 m m  w ere rem oved  from  coarse g rained  
sedim ents. Sam pling in tervals at each site w ere based  on  stra tig raphic  breaks 
seen as visible differences in  color and  texture. Sam ples w ere stored  at 4°C in 
an ice chest w ith in  three hours of sam pling  and  w ere frozen at the  end  of
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each field day  to lim it possible changes in m etal chem istry. In the  laboratory , 
the frozen sam ples w ere freeze dried , g round , and  oven d ried  at 70°C for 1 2  
hours p rio r to w eighing.
M etal content w as determ ined  by  three extraction m ethods designed  to 
determ ine  e ither w ater-so luble, dilu te-acid-soluble, o r to ta l concentrations. 
The w ater-soluble extracts follow ed a m odified  EPA toxicity test m ethod  (EPA, 
1985) and  w ere m ade by  com bining 2 g of sam ple w ith  40 m l of deionized 
w ater. The m ix ture  w as shaken for 24 hours and  passed  th rough  a 0.45 pm  
filter. The filtrate w as acidified w ith  u ltrapu re  concentrated  nitric acid 
(3m l/l). The acid extraction p rocedure w as designed to approxim ate 
concentrations of "bioavailable" m etals, w hich  are re leased  a t low  p H  (Luom a 
and  Davis, 1983; Luom a and  Jenne, 1977). A slu rry  of 0.6 g sam ple and  20 ml 
5% HC1 w as shaken for 2 hours and  filtered w ith  a 0.45 pm  syringe filter. The 
total extraction p rocedure  used  a H F-aqua regia digestion m ethod  m odified  
from  N adkarn i (1984) and  u sed  by  Brook and  M oore (1988). Five m l aqua 
regia, 2 m l HF, and  0.2 g sam ple w ere m icrow aved for five m inutes in  a teflon 
vessel. Forty m illiliters of 2.5% (w /v ) boric acid w ere added . A fter w aiting  at 
least 30 m inu tes, th e  m ixture w as filtered  (0.45 pm ) and  d ilu ted  w ith  
deionized  w ater to 1 0 0  ml.
All extracts w ere analyzed for As, Cd, Cu, Fe, M n, N i, Pb, and  Zn w ith  a 
Jarrel-A sh M odel 800 A tom  Com p ICAPES (inductively  coupled  argon  p lasm a 
em ission spectrom eter) w ith  m atrix-m atched standards. Precision of w ater- 
and  acid-extract analyses w as determ ined by  repeated  analyses of U.S. 
Geological Survey w ater standards (table 1) and  replicate analyses of
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ind iv idua l extracts (table 2). Precision of w ater- and  acid-extract d igestions 
w as estim ated  by  analysis of triplicate splits of sedim ent sam ples. A nalyses of 
U.S. Geological Survey standards w ere w ith in  one s tan d ard  dev ia tion  of 
certified values except for C u, w hich w as w ith in  tw o s tan d ard  deviations for 
one standard . Replicate analyses w ere very  consistent, how ever som e m etals 
w hich  often  w ere a t concentrations near detection lim its (Cd, N i, and  Pb) 
could be tested  in  few, if any, sam ples. Results of the trip licate  extracts w ere 
generally  good except for the  m etals near detection lim its (Cd, N i, and  Pb). 
A ccuracy of the w ater- and  add-ex traction  procedures could no t be tested  
because no  standards exist for these m ethods.
Precision and  accuracy of total-extract digestions and  analyses w as 
established  by  replicate analyses of ind iv idual extracts (table 2 ), analyses of 
trip licate splits of sam ples (table 3), and  repeated  digestion and  analysis of 
N ational B ureau of S tandard  (NBS) sed im ent s tandards (table 4). Som e 
variab ility  exists in  triplicate results. G ood p red s io n  w as achieved at the 30% 
relative s tan d ard  deviation  level b u t no t at 10%. V ariability a t the 30% level 
comes en tirely  from  2  sam ples ou t of the 1 0  w hich h ad  one of three splits 
considerably  d ifferent than  the o ther two. Inadequate  g rind ing  or m ixing 
probably  accounts for this variation. Replicate analyses of ind iv idua l extracts 
w ere good. A nalyses of NBS standards w ere also good, w ith  all analyses 
w ith in  tw o  s tan d ard  deviations of certified values.
All analyses are reported  in  f ig /g , d ry  w eight basis. A  value of one-half the 
detection  lim it w as u sed  for m etals below  detection w hen  com puting  average 
concentrations. N o corrections for grain-size effects w ere app lied  because
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prev ious w ork  has show n th a t such corrections are  in ap p ro p ria te  for C lark 
Fork R iver sedim ents (M oore and  others, 1989).
E roding  banks w ere  m apped  on 1:4,000 aerial pho tog raphs w hile w alking 
the river channel. The leng th  of the  river and  the  lengths of erod ing  banks 
w ere then  m easured  on the  aerial photograph . Banks w ere  considered to be 
erod ing  if sloughing, fractures parallel to the  bank, or blocks of bank  m aterial 
in the  river w ere  observed. N on-eroding  banks w ere  generally  w ell vegetated  
w hereas erod ing  banks w ere not.
R esu lts an d  D iscussion
S tra tig raphy
The C lark Fork River has been  subjected to increased loads of m etal- 
contam inated  sed im en t since the start of m in ing  in Butte in 1864 and  the  
construction of sm elters in A naconda in 1884. Prior to the  early  1900’s, there 
w ere  no  sed im ent control struc tu res on Silver Bow o r W arm  Springs Creeks, 
the  C lark Fork R iver tribu taries in to  w hich m ine w astes w ere dum ped . O ver 
ten  m illion tons of w astes p roduced  from  sm elting  and  m illing  in Butte w ere 
d isposed  of in  Silver Bow Creek betw een 1878 and  1925. These w astes w ere  
tran spo rted  to the  C lark Fork River by  at least four m ajor floods in the  1890’s 
and  the  largest flood on record, w hich occurred in  1908 (CH2M Hill, 1989). 
S tratigraphic evidence indicates tha t these few  floods deposited  considerable 
quan tities of essentially  p u re  tailings as they  bu ilt a "m ining” terrace over the 
pre-existing floodplain  and low  terraces. A lthough  the  floodplain  aggraded
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d u rin g  th is period , the  cu rren t channel is near its p re-m in ing  e levation  based  
on  th e  rela tive  position of the  bed  and  pre-m in ing  floodplain  deposits. Bank 
he igh t of the  m in ing  terrace is one to tw o  m eters above the  river. Even 
th o u g h  m ig ra ting  channel m eanders an d  channel avu lsions h ave  e roded  
p a rts  of th e  m in ing  terrace, large areas in the  valley are still b u ried  w ith  their 
o rig inal p u re  tailings. As it has eroded  banks com posed of tailings over p re­
m in ing  floodplain  sedim ents, the  river has created  a new  m ix ture  of e roded  
tailings, o rig inal bank  m ateria l, channel sedim ents, an d  sed im ents from  
u pstream  w hich  it has left as channel and  floodplain  deposits. Soils ou tside  
the  m axim um  extent of post-1864 flooding are  generally  on terraces slightly  
h igher th an  the  m in ing  terrace. These soils have  been  con tam inated  w ith  
m etals contained  in  airfall from  sm elter em issions an d  fug itive  d u s t from  
A naconda (Tetra Tech, 1987).
Sedim ents on the  valley floor are  separa ted  in to  four m ajor categories: 
tailings, rew orked  tailings, orig inal floodplain  sedim ents, and  un flooded  soils 
(table 5). The stra tig raphy  of deposits of pu re  tailings is rem arkable  consistent 
th ro u g h o u t the  study  area and  supports the  idea th a t several large floods w ere 
responsib le  for the  developm ent of the  m in ing  terrace. The m ajority  of p u re  
tailings are  in overbank  deposits, w hich  have  been d iv ided  in to  the five un its 
described  below . C hannel-fill and  po in t-bar sedim ents deposited  du rin g  the  
developm en t of the m ining  terrace also occur. These are generally  coarse 
sands now  heavily  sta ined  w ith  red d ish  b row n  iron oxides an d  covered w ith  
fine g rained  overbank  tailings. Because these deposits are  lim ited  in extent 
an d  w ere  no t found  exposed anyw here in curren t channel banks, they  are not 
d iscussed  further.
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O verbank  deposits of p u re  tailings are found  in  five un its , the  u p p e r four 
of w hich  lie above the  sa tu ra ted  zone in  a near-surface oxidized layer. The 
top  u n it is called the u p p e r tailings and  has up  to 25 cm of in te rbedded  p lanar 
an d  ripp le  cross lam inae beds of very  fine sandy  silt. These tailings are 
generally  tan  w ith  orange an d  grey  stain ing  on  som e lam inae. O rganic 
fragm ents occur on som e foreset beds. If exposed at the  surface, they  form  
barren  areas devoid  of vegetation. D uring w arm  d ry  periods, m etal sulfates 
prec ip ita te  on  the surface of these areas as soil m oisture rises to the  surface 
an d  evaporates. The resu lting  b lue crust is distinctive of these slicken areas. 
The next layer below  is called p ink  clay and  contains u p  to 10 cm of m assive 
silty  clay. The color of this un it actually  varies from  cream  to  p ink  to  grey, bu t 
there  is no  ap p aren t difference in  m etal content betw een  sam ples of different 
colors. The p ink  clay is p resen t th roughou t the  study  area and  m ay  represen t 
one flood w hich  carried  an extensive am oun t of very  finely g ro u n d  tailings. 
The th ird  un it, called the low er tailings, is generally  like the u p p e r tailings 
b u t is m ore variable  in color and  grain  size and  can be up  to  60 cm thick.
Large organic fragm ents (leaves an d  sticks) are  usually  present. The u n it has 
len ticu lar lenses of fine to m ed ium  sand  and  d iscontinuous p lan a r an d  ripp le  
cross lam inae. The color is generally  orangish  light b row n  to  m ed ium  brow n 
w ith  m ottled  redd ish  orange and  grey  iron  staining. In  som e places w ith in  
the  low er tailings, there  are th in  ( < 1 0  cm) sand  beds, called green  sands, 
w hich  have a pervasive green  color from  secondary g row th  of copper 
m inerals. The low est tailings unit, reduced  tailings, is p resen t on ly  if the 
capillary  fringe or w ater table extends up  in to  the low er tailings an d  causes 
con tinuously  reducing  conditions. R educed tailings are less than  40 cm thick
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and  are sim ilar to the low er tailings except th a t they  are grey and  have finely 
d issem inated  organic m atter.
R ew orked tailings encom pass all river sedim ents deposited  since probably  
abou t 1911 w hen  the first settling p o n d  w as bu ilt on  Silver Bow C reek 
(MDHES, 1989). A lthough  tailings continued  to  be carried dow nstream , the 
construction  of sed im ent controls reduced  the  sed im ent load  and  allow ed 
cleaner sedim ents to d ilu te  the  tailings to  a g rea ter degree. A bandonm en t of 
the sm elters on the no rth  side of W arm  Springs C reek after the  W ashoe 
sm elter w as com pleted in 1903 also m eant few er tailings w ere  d isposed  of in 
this tribu tary . R ew orked sedim ents are found  in po in t bars an d  in overbank, 
crevasse splay, and  natu ra l levee deposits on  top of the  m ining  terrace. 
R ew orked sedim ents are also found  in channel-accretion deposits along the 
m arg ins of channels w hich  w ere once w ider b u t have narrow ed  na tu ra lly  as 
livestock have  been  fenced aw ay from  the river. R ew orked tailings range in  
tex ture from  silty  fine sand  in overbank deposits to silty  sand  and  sand  in  
channel accretionary deposits to sand  and  gravel in po in t bars and  som e 
levees.
The orig inal o r pre-m in ing  floodplain  deposits a re  alm ost alw ays bu ried  
by  tailings and  consist of u p  to  40 cm  of fine grained overbank  deposits over 
stream  gravels. The p re-m in ing  overbank  deposits are easily d istingu ished  
from  overly ing  tailings by  their da rk  b row n  color, m ore sandy  texture, and  
the  existence of m any th in  beds w ith  variable  g rain  sizes. Pre-m ining  
sed im ents are d iv ided  in to  paleo subsoil and , if presen t, a paleo A  horizon
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w hich is d a rk  b row n  to black and organic-rich. W illow s b u ried  and  killed by 
tailings deposits are roo ted  in these p re-m in ing  sedim ents.
The final stra tig raph ic  u n it consists of unflooded  soils w hich lie ou tside  
the  lim it of tailings deposition . These soils lie in  m arg inal floodplain  areas 
w hich  the  large floods of the 1890's an d  1900's d id  no t in u n d ate  and  on 
adjacent terraces. U nflooded soils generally  are grey  and  very  fine g rained  
an d  exhibit signs of soil developm ent such as soil peds and  carbonate 
enrichm ent. Sam ples w ere taken  either of unflooded  surface soils (0-5 cm) or 
un flooded  subsoils (5-25 cm).
The floodplain  stra tig raphy  (table 6 ) p roposed  by  Brooks and  M oore (1989) 
for a con tam inated  site three kilom eters dow nstream  is n o t as com plex as tha t 
p roposed  here  b u t the tw o vertical sections share  the  sam e im portan t 
stra tig raph ic  features.
M app ing
M aps of tailings thickness (figs. 2) w ere m ade of the study  area based  on  
over 680 m easurem ents of tailings thickness taken  in  stream banks o r soil pits. 
A dditional tailings thickness da ta  w ere taken  from  soil m ap p in g  by  Schafer 
and  Associates (1988). The four m ap un its separate  areas w ith  th in  tailings (0- 
10 cm) from  areas w ith  m oderate  (10-30 or 30-50 cm) tailings or thick tailings 
(>50 cm). The actual thickness of contam inated  sedim ents m ay  be th icker 
th an  just the  tailings because m etals have been  concentrated  in  som e of the 
un d erly in g  pre-m in ing  soils. The w id th  of flood-contam inated  land  is
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generally  betw een 180 an d  490 m  b u t ranges betw een 90 an d  900 m. O ver 
704,000 m 3  (920,000 yd3) are sp read  over 275 ha (678 acres) along the 10 km  
study  reach (table 7). The thickest tailings (>50 cm and  30-50 cm) are in  a band 
located either near the  river o r near the course of the  late  1800’s channel and  
account for tw o-th irds of the  total volum e of tailings. This b an d  is narrow  
and  usua lly  lies w ith in  the m eander belt of the  river. There are  extensive 
thick tailings a t the  upstream  end  of the s tudy  area (fig. 2 b) an d  in o ther areas 
w here  the  w id th  of the  floodplain  w as narrow  (eg., fig. 2i). Tailings 10-30 cm 
thick are extensive in areas w here  the  entire  floodplain  w as w ide (eg., fig. 2 c 
an d  2f). Thin tailings occur aw ay from  the river a t the m argins of the 
floodplain  and  are m ost p revalen t w est of the river. East of the  river, several 
alluvial fans of in te rm itten t tribu taries lim ited  the  eastw ard  ex ten t of C lark 
Fork R iver flooding. There also are several hay  fields east of the  river w hich 
m ay have been  in u n d a ted  by  floodw aters o r contam inated  by  irrigation  w ater 
d iverted  from  the  river, b u t any  tailings there  have been  m asked  by  plow ing.
M etals
M etal analyses w ere  m ade  of floodplain  sed im ent sam ples taken  from  20 
soil p its or stream  bank  sites (fig. 2). Three extraction m ethods w ere  used. 
Total m etal concentrations p rov ide  a good  reference level for total 
en richm ent and  for com parison  w ith  o ther studies. The w ater an d  acid 
extracts w ere designed  to determ ine w ha t m etals can be easily released to the 
river an d  its biota. M etals released  in w ater extracts p resum ably  w ou ld  also be 
released  w hen  bank  m aterial erodes in to  the river. W ater-extractable m etals 
com e from  soluble m etal salts (such as copper sulfate) and  som e exchange
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sites. M etals extracted w ith  d ilu te  acid are  considered bioavailable because 
they  can be harm fu l to  organism s as, for instance, the m etals are  ingested  or 
com e into  contact w ith  gill structures. A ccording to  a sum m ary  by  C hao and  
Z hou  (1983), cold d ilu te  HC1 can dissolve Fe and  M n oxide coatings and  
associated m etals, dissolve carbonates, replace m etal ions adsorbed  on  organic 
and  inorganic m aterials, and  partia lly  attack clays an d  am orphous allophane 
m aterials. Experim ents using  cold HC1 show ed th a t d isso lu tion  of na tu ra l 
h y d rous Fe oxide w as relatively  insensitive to acid concentrations betw een 
1M and  4M (Chao and  Zhou, 1983). The 0.6M HC1 used  in  this study  probably  
has sim ilar d isso lu tion  capabilities. A m orphous o r d iagenetic  sulfides in  
reduced  sedim ents are also soluble in  d ilu te  HC1 (Rapin and  others, 1986).
L im itations of Extraction P rocedures
U se of partia l o r sequential extract p rocedures to  define partition ing  of 
m etals in  sedim ents has several problem s. Extracts are designed  to  release 
m etals from  specific phases, b u t research has show n th a t extracts m ay no t be 
com pletely  selective (Belzile an d  o thers, 1989). Therefore, partition ing  
d e term ined  by  sequential extraction m ust be defined  in term s of operational 
phases. Reasons for non-selectivity  include partia l d isso lu tion  of u n desired  
species, vary ing  degrees of crystallization, and  p recip ita tion  and  exchange 
reactions w hich  occur d u ring  the extraction. P re trea tm en t also can change 
p a rtition ing  in sed im ent sam ples. R apin  and  o thers (1986) no te  the m arked  
effect o f freeze d ry ing  (used in this study), particu larly  on  exchangeable, 
carbonate and  adsorbed  phases. Fe and  M n oxide phases also w ere changed 
du rin g  freeze drying. W ater extracts m ay have been affected by  these types of
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reactions b u t the  a d d  extracts probably  w ere no t because all of these phases 
shou ld  be released  in  d ilu te  HC1. Anoxic sedim ents, particu larly  those 
contain ing  am orphous sulfides, are also affected by  extractions done in the 
presence of oxygen (Rapin and  others, 1986). In th is study , d igestion of anoxic 
sedim ents w as done in  the presence of oxygen and  w as w arran ted  because the 
objective of the extractions w as to  determ ine  w h a t concentrations m ight be in 
oxygenated  river w ater.
M etal C oncen trations
C om plete  m etals da ta  are in append ix  A. Table 8  sum m arizes the  da ta  and 
figure 3 p resen t boxplots show ing  the  m edian  an d  range of values for the 
th ree  extracts for each sed im ent type (see table 5). B ackground total m etal 
concentrations (table 9) rep o rted  by  M oore and  o thers (1989) for floodplain  
sed im ents from  C lark  Fork River tribu taries p rov ide  a benchm ark  w ith  
w hich  to  de te rm ine  en richm en t levels in  con tam inated  C lark Fork R iver 
sed im en ts .
A rsen ic . Total arsenic concentrations are generally  over 1,000 p g /g  in the 
tailings units w ith  the h ighest concentrations (up to  4,000 fig /g ) in the  low er 
tailings, green  sands, an d  reduced  tailings. The u p p e r tailings have 
som ew hat low er concentrations, w hich  average about 840 (ig /g . These 
tailings un its are enriched about 30 to  80 tim es over average background  
concentrations. R ew orked tailings have low er levels w ith  a m ean  of 378 
|ig /g .  U nflooded surface soils, w hich  are con tam inated  by  airfall m etals, 
average 254 |ig /g .  A rsenic in paleo  A  horizons generally  is below  detection
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b u t tw o sam ples w ere  above 600 p g /g - Paleo and  unflooded  subsoils w ere 
below  detection. M ost acid-extractable concentrations are  greater th an  80% of 
to tal ind icating  th a t m ost As in tailings is no longer in  p rim ary  sulfide 
m inerals b u t ra ther is probably  associated w ith  Fe and  M n oxides and  
hydroxides in oxid ized  tailings or found  in  secondary  sulfides and  organic 
com plexes in reducing  environm ents. W ater-extractable concentrations are 
m uch  low er than  to tal and  acid-extractable concentrations, often  by  as m uch  
as tw o  orders of m agnitude.
C a d m iu m . C oncentrations of C d are difficult to generalize abou t because 
m any  analyses are below  detection and  because concentrations do  n o t vary  
greatly  betw een sed im ent types. Total concentrations are  m ostly  less than  10 
p g /g  in all sed im en t types. M inim um  enrichm ent over background  (<2.5 
p g /g )  is abou t 4 tim es. A cid-extractable concentrations are generally  less th an  
half of the  total concentration and  w ater-extractable C d is usually  below  
detection. R ew orked channel sed im ents are abou t five tim es h igher th an  bed  
sedim ents. The only sedim ents w ith  all values above detection  are 
un flooded  surface soils, w hich have been  subjected to C d contam ination  from  
airfall.
C o p p e r . C u  concentrations are extrem ely high , w ith  total concentrations 
averag ing  about 5,400 p g /g  in  the low er tailings and  17,300 p g /g  in reduced  
tailings. M axim um  concentrations (up  to  49,300 p g /g )  are  found  in the  th in  
green  sand  layers. W ith  background  C u levels averaging 27 p g /g , these 
values rep resen t en richm ent of 2 0 0  to  1,800 tim es over average background  
concentrations. Total C u  levels in  rew orked  tailings and  u p p e r tailings are
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low er an d  average about 1,450 Mg/g. A cid-extractable C u concentrations are 
also h igh  in con tam inated  sedim ents, and  average concentrations for each 
sed im ent type  a re  generally  a t least 75 percent of the  to tal C u concentration. 
W ater-extractable concentrations are  about 5 to 10 percen t of total 
concentrations an d  are h igher than  concentrations for any  o ther m etal in the  
floodplain  sedim ents. The d a ta  indicate tha t C u has undergone  significant 
rem obilization. The u p p e r tailings have been dep le ted  of C u  as p rim ary  
sulfides have oxid ized  and  soluble C u has m igra ted  bo th  u p  an d  dow n  in  the  
tailings profile. C u w hich  m oves dow n w ith  infiltrating  p rec ip ita tion  is 
concentrated  in  reduced  tailings and  paleo floodplain  soils as d iagenetic 
sulfides and  organic com plexes form  (Brooks and  M oore, 1989). Som e Cu also 
crystallizes, pe rh ap s as m alachite (CUCO3 ), in  the green sand. Soil m oisture 
m oving u p w ard s  d u ring  w arm  dry  periods carries the  C u to the  g ro u n d  
surface w here  it p recip itates in crusts of copper sulfates (chapter 2). These 
soluble salts are d issolved in ra inw ater an d  carried  by  runoff to  the river.
I ro n . Fe concentrations show  little  varia tion  betw een  con tam inated  and  
uncon tam inated  sed im ents o r w ith in  the  various tailings sed im en t types. 
M ost total concentrations range betw een about 20,000 p g /g  an d  50,000 p g /g  in 
tailings and  10,000 p g /g  and  27,000 p g /g  in paleo subsoil and  unflooded  soils. 
N one of these values are m uch h igher th an  the  background  average total 
concentration  of 13,700 p g /g  and  therefore floodplain  sed im ents are  no t 
nearly  as enriched  w ith  Fe as w ith  o ther m etals. W hat en richm ent th a t does 
exist p robably  reflects the  orig inal abundance  of iron sulfides in  the  tailings. 
A cid-extractable Fe is about 25 to 40 percen t of to tal concentrations in  tailings 
sedim ents an d  5 to 13 percen t in  the  o ther sedim ent types. W ater-extractable
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Fe levels are  m uch  low er, generally  betw een  10 and  100 p g /g , and  are 
un ifo rm  th ro u g h o u t all sed im en t types. The lack of anom alous Fe 
concentrations an d  the  variability  th ro u g h  all the  sed im en t types is consistent 
w ith  the  results of o ther C lark Fork River stud ies (Brooks and  M oore, 1988; 
M oore and  others, 1989).
M anganese . Total M n is enriched over background  (average = 438 p g /g )  in 
on ly  som e sed im ent types. The h ighest concentrations (5,000-6,000 p g /g )  are 
in the  paleo  A  horizon  and  reduced  tailings w here  M n has probably  
com plexed w ith  organic m atter (M oore and  others, 1988). Tailings have 
low er total concentrations th a t are betw een 300 and  2,400 p g /g . R ew orked 
tailings have  a h igher average concentration  than  any  of the  oxid ized  tailings 
un its  ind icating  tha t pe rhaps th is sed im ent, p rio r to being  deposited , resided  
as b ed  sed im ent w here  it developed  M n-oxide coatings as slightly  reduced  
g ro u n d  w ater rich  in  M n d ischarged  to the river (unpublished , da ta , U.S. 
Geological Survey, H elena, MT). The rela tively  high, acid-extractable 
concentration  (average = 1 , 0 1 0  p g /g )  in  rew orked  tailings also indicates the 
p resence of M n oxides. O ther acid-extractable M n concentrations follow  the 
trends of to tal M n w ith  low er concentrations in tailings an d  h igher 
concentrations in  the  organic-rich units. W ater-extractable M n is low , 
generally  below  50 p g /g .
N ickel. Total N i concentrations range betw een  10 and  30 p g /g  uniform ly  
in  all sed im ent types except the p ink  clay, w hich  has low er concentrations. 
A cid-extractable N i is also uniform  and  generally  below  5 p g /g . W ater- 
ex tractable N i is near or below  detection. Brook (1988) found  sim ilar total N i
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concentrations in bo th  C lark  Fork River and  C lark  Fork R iver tribu tary  bed  
sed im ents an d  concluded th a t sedim ents in  the  C lark  Fork R iver system  are 
not enriched  in Ni. This conclusion is consistent w ith  the  lack of N i in ores 
m ined  at Butte (M eyer and  others, 1968).
L ead . Total Pb concentrations average betw een 720 an d  1,240 ( ig /g  in  all 
tailings un its except the  reduced  tailings, w hich have  an  average 
concentration of 2,090 Mg/g- R ew orked tailings have an average 
concentration of 400 Mg/g- Paleo and  unflooded  soils have low er 
concentrations w ith  the  subsoil concentrations n ear average background  
concentrations. A cid-extractable Pb averages betw een 110 an d  160 Mg/g in 
rew orked  an d  u p p e r tailings and  increases in the  low er th ree  tailings un its to 
values as h igh  as 2,580 Mg/g in the  reduced  tailings. The subsoil units have 
average concentrations near 10 Mg/g. W ater-extractable Pb is near or below  
detection in all un its  except the  three low er tailings un its and  the paleo A 
horizon, w hich  have values u p  to  7 Mg/g- The da ta  ind icate  that, as w ith  As 
and  Cu, som e Pb enrichm ent has occurred  in the  low er tailings un its and  
paleo  A horizon, w here  a sizeable portion  of the Pb is in  the  acid-extractable 
fraction. This Pb is likely b o und  in  organic com plexes, b u t could also be 
adsorbed  on  sulfides (Jean and  Bancroft, 1986).
Z inc . Total Zn concentrations in tailings and  paleo  A soils are enriched  up  
to  alm ost 100 tim es over the  average background  concentration of 94 Mg/g- 
O xidized tailings, rew orked  channel deposits, and  unflooded  surface soils 
range generally  betw een 450 and  3,000 M g/g w hile reduced  tailings and paleo 
A  soils have values u p  to  7,910 Mg/g and  6,620 Mg/g/ respectively. Both
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subsoil un its are near the  background  average. A verage add-ex trac tab le  Z n is 
41 to  74 percen t of total concentrations in each unit. These tren d s indicate  
th a t Z n  w eathered  from  the u p p e r tailings has concentrated  in  p rim arily  acid- 
extractable species in the reduced  tailings and  paleo A horizon. W ater- 
extractable concentrations are  variable b u t generally  are h ighest in  the  low er 
tailings and  green  sand  (averages of 102 |ig /g  an d  116 |ig /g ,  respectively).
M etal Cycling
D ifferences in  m etal concentrations in  floodplain  tailings, b ed  sed im ents, 
an d  rew orked  tailings p rov ide  som e insight in to  the fate of m etals as they  
cycle th rough  the fluvial system  (fig. 4). Bed sed im ent da ta  u sed  in these 
com parisons are from  Brook (1988) for fine g ra ined  sam ples taken  from  a 25 
km  reach  of the river w hich inc luded  the  s tu d y  area. W ith  the  exception of 
M n, average to tal m etal concentrations in  bed  sed im ents are  less than  average 
concentra tions in  bank  sedim ents, ind icating  th a t floodplain  tailings lose 
m etals a n d /o r  are d ilu ted  as they are eroded  and  deposited  on the  bed. As 
d iscussed  above, the  increase in  M n concentrations in  bed  sed im ents is m ost 
likely d u e  to sed im ent-g round  w ater interactions. F igure 4 also show s tha t 
deposits of rew orked  tailings have h igher concentrations of C u  an d  Z n  (but 
no t As an d  Pb) than  bed  sedim ents. It is possible th a t th is en richm ent of C u 
an d  Z n in  rew orked  tailings could  be occurring by  u p w ard  m ovem ent from  
u n derly ing  w eathered  tailings. Evidence to  su p p o rt this includes the 
re la tionsh ip  betw een  increasing tailings thickness an d  h igher C u  an d  Z n in 
rew orked  tailings seen at sam pling sites 50-52 (fig. 2g). A lso, w ater-soluble 
concentrations of C u  and  Z n (fig. 3d and  3i) a re  m uch h igher in  tailings than
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concentrations of As and  Pb (fig. 3b and 3h) and  therefore g reater enrichm ent 
in  C u an d  Z n w o u ld  occur in overlying sed im ents as soil m oisture  
evaporates. If th is type  of enrichm ent is occurring, how ever, it does n o t show  
u p  in w ater-so luble phases in  rew orked  tailings. A m ore p lausib le  hypothesis 
is th a t rew orked  tailings are  derived  less from  bed  m aterial and  m ore  from  
bank  m aterials, w hich  are eroded , m ixed, and  redeposited  in one flood event. 
C u  and  Zn in rew orked  tailings rem ain high  because they  com e from  a bank  
profile  th a t includes m aterial very  rich in C u  and  Zn. A rsenic and  Pb in 
rew orked  tailings are low er because there are no  sources of sed im ent w ith  
significantly  h igher As and  Pb concentrations.
M etal Toxicity
The concentrations of som e m etals in w ater- an d  acid-extractable form  are 
very  h igh  and  could be toxic to  aquatic life w hen  large am ounts of bank 
m aterial e rode  in to  the river. Lam bing (1989) show ed th a t h igher m etal 
concentrations (total recoverable) occur a t h igher su sp en d ed  sed im ent 
concentrations in the  C lark Fork River at Deer Lodge. Phillips (1985) 
concluded  th a t increases in  dow nstream  m etal load ing  resu lted  from  erosion 
of con tam inated  bank  m aterial and  no ted  th a t the  h ighest m etal 
concentrations occurred  at the onset of runoff in response  to initial bank  
erosion caused  by  rising  flood w aters. Also, m etal concentrations w ere high 
for longer periods an d  m etals loads w ere h igher at dow nstream  sites, 
suggesting th a t there  is a cum ulative dow nstream  affect caused  by  the 
increasing leng th  of source banks. H ow ever, de te rm in ing  how  m uch bank 
m ateria l e rodes, how  m uch  e roded  m aterial rem ains in su sp en d ed  form , and
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how  e ro d ed  m aterial w ill affect m etal concentrations in  the  river is p robab ly  
im possible. G iven the  uncertain ties, it is still usefu l to  com pare average 
m etal concentrations in  bank  sedim ents (table 8) to  h azard  levels for aquatic  
life (table 10). If one assum es tha t eroded  bank  m ateria l is d ilu ted  in the  river 
by  an  arb itrarily  chosen factor of 1,000, acid-extractable concentrations of As, 
C u, Pb, an d  Z n w ou ld  exceed EPA criteria. C u and  Pb w ou ld  exceed criteria by  
ten  tim es. V alidation  for these com parisons com es from  Phillips ' (1985) 
m easu rem en ts of to tal recoverable Cu, Fe, an d  Z n d u rin g  sp ring  1984 runoff. 
C opper exceeded EPA's chronic freshw ater s tandards (table 10) by  as m uch as 
50 tim es for several weeks. Fe and  Zn also exceeded their s tan d ard s seven 
an d  tw o  tim es, respectively.
B ank Survey
M easurem ents of the  percen t of stream  banks w hich  are  actively erod ing  
(fig. 5) an d  observations of channel shape d iv ide  the  river in to  d istinct 
e rod ing  and  non-erod ing  zones. In the u p stream  reach, only 2.5% of the  
banks are  e rod ing  w hile  in  the  longer dow nstream  section the  p ro p o rtio n  is 
be tw een  16% and  21%. The differences betw een  the  reaches are dram atic.
The non -erod ing  channel is na rrow  and  deep an d  has dense w illow  g row th  
on its banks. T renching th rough  bank  sed im ents show ed  tha t an  orig inally  
w ider channel w as cut in  tailings b u t h ad  n arro w ed  na tu ra lly  as rew orked  
tailings w ere  deposited  on  channel m arg ins and  p rom o ted  w illow  grow th . In 
contrast, the  e rod ing  reach has a w ide, shallow  channel w ith  m any  
unvegeta ted  erod ing  banks cut in  tailings. Few  accretionary deposits of 
rew orked  tailings occur on  channel m argins. Large m id-channel bars and
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po in t bars (m apped  in fig. 2) are evidence of the  h igh  sed im ent load  p rov ided  
by  erod ing  banks. C om parisons of m eander locations on  1983 aerial 
pho tog raphs and  d u rin g  the  1988 field season indicate th a t m eander 
m igra tion  rates in  the  unfenced reach are as h igh  as 1 m /y r . The low er 
m igration  rate  (10-20 cm /y r) reported  by  A ndrew s (1987) for 1955 to  1982 is no t 
rep resen ta tive  of the  erosive banks in  the  s tu d y  area.
T rou t popu la tions and  the  quality  of fish hab ita t are  d istinctly  d ifferent in  
the  tw o  reaches. T rout num bers are  h igh  in  the  upstream  reach (unpub lished  
data , M ontana D ept. Fish, W ildlife, and  Parks, cited in  Johnson an d  Schm idt, 
1988) w here  tro u t hab ita t is excellent (pers. com m , W. H adley , M ontana Dept. 
Fish, W ildlife, an d  Parks, 1989) and  m etal load ing  from  bank  erosion is 
p robab ly  m inim al. In  contrast, p o o r hab ita t an d  significantly  h igher m etal 
loads can explain  the  m uch  low er tro u t num bers in  the  low er reach. The 
p rim ary  factor w hich  can explain  the  contrasts betw een  reaches is lan d  use. 
The non-erod ing  reach  is fenced an d  livestock have been  excluded from  
rip arian  areas for m any  years. The dow nstream  reach  is no t fenced an d  cattle 
concentrate  n ear the  river. G razing is know n to  change the  struc tu re  of 
stream side  vegetation  com m unities an d  increase the  po ten tia l for bank  
erosion  (Rinne, 1988; P latts and  N elson, 1989).
C onclusions an d  Im p lica tions fo r th e  C lark  Fork R iver
Tailings deposited  d u rin g  decades of poorly  controlled releases of m in ing  
an d  sm elter w astes resu lted  in  floodplain  agg radation  and  contam ination  of 
large areas of the C lark Fork River valley w ith  heavy m etals. Because the
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stra tig raphy  of the tailings is fairly uniform  over the  s tu d y  area, 
generalizations abou t their extent and  m etal con ten t can be m ade. The 
orig inal tailings are  fo und  prim arily  in fine g rained  overbank  deposits and  
contain m etals (As, C d, Cu, Fe, M n, Pb, and  Zn) w hich  u n d erg o  w eathering , 
m obilization, and  reconcentration  at the g ro u n d  surface o r n ear the  redox  
b o u n d a ry  in  red u ced  tailings or p re-m in ing  floodplain  sedim ents. M ixtures 
of cleaner sed im ents an d  tailings have been  deposited  by  overbank  flow s on 
top  of tailings an d  in channel accretionary deposits and  po in t bars. The river 
continues to rew ork  the tailings, and  m etals are  released  to  the  river as 
sed im ent is cycled back an d  forth  betw een channel and  floodplain. The m ass 
of con tam inated  m aterial is m oving  dow nstream  b u t at a very  slow  rate  
g iven  the  am o u n t of m aterial sto red  in the floodplain . M ajor conclusions of 
th is s tu d y  are:
1. W ith in  the  s tu d y  area, flood-deposited  tailings u p  to  120 cm thick lie on 
the p re-m in ing  C lark Fork R iver floodplain  and  form  a m in ing  terrace across 
the river valley. O ver 704,000 m 3 (920,000 y d 3) of tailings cover 275 ha  (678 
acres) along the 10 km  s tu d y  reach. A lthough  m ost areas have less than  30 
cm of tailings, the  th ickest tailings are usually  n ear the river an d  have  the  
h ighest p robability  of being  eroded  in to  the  river
2. F loodplain  sedim ents, includ ing  tailings, rew orked  tailings, and  paleo
soils, are  con tam inated  w ith  As, Cd, Cu, Fe, M n, Pb, an d  Z n and  are enriched 
as m uch  as 1,800 tim es over background. The h ighest m etal concentrations 
are no  longer in near-surface tailings. O xidation of sulfides releases m etals 
w hich  m igrate  d ow nw ards and  are effectively trap p ed  as diagenetic sulfides
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an d  organic com plexes in  reduced , organic-rich sedim ents. R eclam ation 
efforts, therefore, need  to address bo th  tailings deposits a n d  underly ing  
sed im en ts .
3. Bank erosion  is a m ajor factor in  in troduc ing  m etals to  the  river. 
Practically all erod ing  banks in  the  s tudy  area contain m odera te  to thick 
tailings (30-120 cm). W ater- and  acid-extractable levels of m etals in  these 
sedim ents are high, particu larly  for As, Cu, Fe, Pb, and  Zn. D uring  flood 
events, concentrations of these m etals exceed EPA acute an d  chronic 
freshw ater aquatic  life s tandards an d  m ay  contribute to the  low  tro u t and  
inverteb ra te  p o pu la tions in  the  river.
4. L and  use appears to  cause differences in m etal load ing  in  the  river 
because of the  dram atic  affect th a t livestock exclusion has on  channel shape, 
bank  vegetation , and  extent of bank  erosion, an d  consequently , the  am oun t of 
m etals in troduced  in to  the  river. Fenced reaches have  be tter fish hab ita t and  
low er m etal concentrations in  b ed  an d  bank  sedim ents. In contrast, reaches 
w here  cattle  are  g razed  have  extensive erod ing  banks, channels w hich  are 
inhosp itab le  to  trou t, an d  h igh  m etal loads. These differences indicate  that 
livestock exclusion is a valuab le  m anagem ent tool for the  riv e r corridor. In 
add ition , ev idence from  channel sed im ents indicates th a t the  C lark  Fork 
R iver is capable of repa iring  w idened  channels an d  poor fish  hab ita t na tu ra lly  
if livestock are  excluded from  the riparian  zone.
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R esults rep o rted  as m ean  and  (standard  deviation) in  m g/1, 
nc = n o t certified; BD (0.03) = below  detection (detection lim it).
Table 2. Sum m ary  of quality  control da ta  for replicate  analyses of extract 
sam ples.
W ater Extracts As Cd C u Fe M n N i Pb Z n
N u m b er of analyses 3 2 7 4 8 0 1 7
Percent of replicates w ith  RSD 
<10%
100 100 100 100 100 • 100 100
A cid Extracts As Cd C u Fe M n N i Pb Z n
N u m b er of analyses 8 9 9 9 9 9 8 9
Percent of replicates w ith  RSD 
<10%
100 100 100 100 100 89 100 100
Total Extracts As Cd C u Fe M n N i Pb Z n
N u m b er of analyses 13 11 21 21 22 22 22 22
Percent of replicates w ith  RSD 
<10%
92 27 95 95 100 68 68 100
Percent of rep licates w ith  RSD 
<30%
100 91 100 100 100 95 91 100
RSD = rela tive  s tan d ard  deviation.
Table 3- Sum m ary of quality  control da ta  for analyses of trip licate  splits of 
sam ples.
W ater Extracts As Cd C u Fe M n N i Pb Z n
N u m b er of analyses 6 0 13 9 13 0 1 11
Percent of splits w ith  RSD <10% 33 - 46 78 62 - 0 45
Percent of splits w ith  RSD <30% 100 - 100 100 77 - 100 100
A cid Extracts A s cd C u Fe M n N i Pb Z n
N u m b er of analyses 4 4 6 6 6 5 5 6
Percent of splits w ith  RSD <10% 100 25 88 100 100 0 80 88
Percent of splits w ith  RSD <30% 100 75 100 100 100 60 100 100
Total Extracts As Cd C u Fe M n N i Pb Z n
N u m b er of analyses 10 5 10 10 10 10 10 10
Percent of splits w ith  RSD <10% 90 60 80 70 70 40 70 80
Percent of splits w ith  RSD <30% 100 100 80 80 80 90 90 80
RSD = rela tive  s tan d a rd  deviation .
Table 4. Results of to tal m etal analyses of N ational B ureau of S tandards 
sed im en t s tan d ard s  NBS 1646 (estuarine sedim ent) and  NBS 2704 (river 
sedim ent) in  u g /g .
NBS 1646 NBS 2704
N B S this study N B S this s tudy
A s 11.7 (1.3) BD (13) nc BD (13)
Cd 0.36 (0.07) BD (1.1) 3.4 (0.22) 3.82 (1.0)
C u 18 (3.0) 17.7 (1.0) 98.6 (5.0) 100 (7.1)
Fe 33,500 (1,000) 33,500 (600) 41,000 (1,000) 40,009 (1,300)
M n 375 (20) 366 (10) 555 (20) 583 (13)
N i 32 (3) 37.3 (3.1) 44.1 (3) 49.9 (2.3)
Pb 28.2 (1.8) 76.1 (32) 161 (17) 193 (20)
Z n 138 (6) 135 (8.0) 438 (12) 460 (17)
n u m b e r 6 9
nc = n o t certified; BD (1.1) = below  detection (detection limit).
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Table 5. D escrip tions of floodplain  deposits a long the C lark Fork River.
Tailings M ixtures
R ew orked  tailings F luvial deposits contain ing  rew orked  m ix tu res of
tailings and  cleaner sed im ents found  as fine g ra ined  
overbank  deposits and  coarser p o in t bar a n d  channel 
accretionary deposits; generally  ligh t b row n  w ith  
occasional iron  staining; suppo rts  g row th  of grass and  
_______________________ w illow s; overbank  deposits u sua lly  roo tbound ._______
T ailings
U p p er tailings
Pink clay
Very fine sandy  silt tailings w ith  th in  cross-bedding; 
tan  w ith  orange and  grey  staining; if a t surface, 
devo id  of vegetation  w ith  m etal su lfate  crust d u rin g  
w arm  d ry  periods.
Thin, hom ogeneous silty  clay; cream , p ink , o r grey; 
beds contorted  from  soft sed im en t deform ation.
L ow er tailings Like u p p er tailings b u t m ore variable  in color an d
grain  size; sandy  layers, large organic fragm ents, 
o rang ish  ligh t b row n  to m ed ium  brow n.
G reen  san d  Thin w ell sorted  sand  layer w ith in  low er tailings;
pervasive green  color from  secondary  copper 
crystallization .
R educed  tailings Like low er tailings except g rey  to black; organic rich.
P re-m in ing  F loodp lain
Paleo A  h o rizon  D ark b row n  to  black organic-rich  soil ho rizon
m ark ing  top  of p re-m in ing  floodplain .
Paleo subsoil D ark b row n  th in ly  b ed d ed  silts an d  sands overly ing  
sands an d  gravels._________________________________
U nflooded  Soils
U nflooded  surface Fine g rained , partially  developed  soil o n  low  terraces 
so il ad jacent to m in ing  terrace; 0 to  5 cm  horizon.
U nflooded  subsoil L ike unflooded  surface soil; 5 to  25 cm  interval.
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Table 6. C om parison  of tailings stra tig raphy  betw een this s tu d y  an d  another 
site 3 km  dow nstream .
D ow nstream  sed im ent un its  (Brooks and  M oore ,!988)
S ed im en t u n its  
in s tu d y  area (see 
table 5)
U nit 5 Topsoil: m ed ium  b row n  clay, silt and  fine sand , 
usually  roo t-bound  o r very  organic; supports  
grass grow th ; no t alw ays present.
rew o rk ed
ta ilings
U nit 4 Tailings: m ottled  orange and  grey fine sand  to 
silt; m icaceous w ith  u p  to  10-15% slag; locally 
contains orange and  grey clay.
u p p e r tailings, 
p in k  clay,
U n it 3 T ransition  unit: contains reduced  an d  oxid ized  
m aterial (based on  presence or absence of 
o range-brow n iron  oxides), usually  b row n  to 
grey  m ed ium  sand  to  silt w ith  organic m aterial; 
d isco n tin u o u s.
low er tailings, 
green  sand, 
red u ced  tailings
U nit 2 C ohesive silt: dark , organic, cohesive clayey silt 
w ith  a b u n d an t m ica; locally can be alm ost 
en tirely  partia lly  decayed  p lan t m aterial.
reduced  tailings, 
pa leo  A  horizon, 
pa leo  subsoil
U n it 1 Basal sand: coarse, quartz  sand  w ith  dark  fines; 
m icaceous; m ay  contain gravels; partly  sa tu ra ted  
du rin g  w ette r seasons.
paleo  subsoil
Table 7. V olum e and  extent of flood-deposited  tailings.
M ap U n it
A verage
T hickness
A rea C overed V o lu m e
(hectares) (acres) (m 3) (yd3)
0-10 cm 5 95 234 47,353 61,932
10-30 cm 20 91 224 181,319 237,142
30-50 cm 40 49 122 197,508 258,315
>50 70 40 98 277,642 363,120
T otal 275 678 703,822 920,509
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Table 8. Sum m ary  of chem ical da ta  for total, a d d , and  w ater extracts of 
floodplain  deposits. C oncentrations in  u g /g . (LOD = lim it of detection; BD = 




Total Acid Water Total Acid Water Total Acid Water
A ll X 769 623 3.61 3.64 1.82 BD 4532 3958 215
samples sd 989 779 7.49 5.72 4.39 - 8444 7782 627
n 83 78 78 83 78 83 83 78 78
Reworked X 378 313 1.57 6.36 3.40 BD 1457 1228 7.11
channel sd 651 478 1.98 6.69 5.13 - 1179 1149 10.5
n 13 13 13 13 13 13 13 13 13
Upper X 844 705 3.93 2.36 0.66 BD 1431 1100 136
tailings sd 785 652 5.32 3.11 1.31 - 935 829 284
n 16 14 14 16 14 14 16 14 14
Pink X 918 592 1.36 3.72 2.99 0.43 1724 1137 416
clay sd 298 327 1.73 7.76 6.91 0.64 1496 1372 698
n 6 6 6 6 6 6 6 6 6
Lower X 2101 1696 0.52 1.25 BD BD 5427 4511 684
tailings sd 902 710 0.35 1.26 - - 3833 3684 792
n 6 6 6 6 6 6 6 6 6
Green X 1823 1703 6.36 1.94 BD BD 28475 27575 1269
sand sd 410 317 12 2.77 - - 14672 16393 1872
n 4 4 4 4 4 4 4 4 4
Reduced X 2379 1686 14.6 6.85 2.50 0.29 17337 12256 396
tailings sd 1339 955 16.8 10.1 6.16 0.49 11782 8234 915
n 7 7 7 7 7 7 7 7 7
Paleo A X 169 144 2.02 6.75 4.52 BD 4520 4179 31.4
horizon sd 275 215 1.84 8.37 7.72 - 4236 4065 37.4
n 9 9 9 9 9 9 9 9 9
Paleo X BD 4.80 BD BD 0.58 BD 643 520 3.47
subsoil sd - 3.31 - - 0.92 - 890 1076 4.93
n 12 11 11 12 11 11 12 11 11
Unflooded X 254 257 17.2 6.85 1.55 BD 1079 1060 9.02
surface sd 171 52.7 12.5 2.13 1.95 - 890 1103 11.4
soil n 2 2 2 2 2 2 2 2 2
Unflooded X BD 18.4 2.83 1.47 BD BD 65.3 35.3 BD
subsoil sd - 14.9 2.53 1.54 - - 51.5 32.5 -
n 4 4 4 4 4 4 4 4 4
LOD 13 1.0 0.6 1.1 0.33 0.2 0.8 0.067 0.04
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Table 8. continued .
Sediment
Type
Fe Mn N i
Total Acid Water Total Acid Water Total Acid Water
A ll X 29736 7881 58.3 1242 524 10.9 15.8 2.25 BD
samples sd 11562 7198 84.4 1154 551 17.7 6.49 1.87 -
n 83 78 78 83 78 78 83 78 78
Reworked X 30792 8405 17.9 1588 1010 3.93 18.4 3.16 BD
channel sd 9827 3295 25.7 517 417 5.48 6.3 1.87 -
n 13 13 13 13 13 13 13 13 13
Upper X 30642 9589 54.7 904 289 13.3 13.8 2.07 BD
tailings sd 12902 5644 77.3 641 366 20.5 6.3 2.34 -
n 16 14 14 16 14 14 16 14 14
Pink X 26483 6350 31.2 365 45.4 22.1 6.34 BD BD
clay sd 4884 1524 15.1 100 36.6 31.4 1.96 - -
n 6 6 6 6 6 6 6 6 6
Lower X 37967 16083 60.3 1064 185 27.6 14.0 1.41 BD
tailings sd 5618 3191 69.4 245 75 20.3 4.1 1.30 -
n 6 6 6 6 6 6 6 6 6
Green X 34100 15450 15.8 1496 575 24.5 14.6 2.10 0.28
sand sd 1625 3226 13.2 901 345 32.7 4.2 1.06 0.22
n 4 4 4 4 4 4 4 4 4
Reduced X 39800 8729 42.0 2976 918 16.2 16.3 2.01 BD
tailings sd 6894 6109 61.1 1936 799 18.8 5.6 1.19 -
n 7 7 7 7 7 7 7 7 7
Paleo A X 28456 3609 63.0 2066 919 5.43 23.8 3.38 BD
horizon sd 6299 1928 46.7 1848 759 2.92 5.1 2.35 -
n 9 9 9 9 9 9 9 9 9
Paleo X 19483 1558 129 606 175 3.35 15.8 1.40 BD
subsoil sd 5870 826 158 435 154 5.24 5.4 1.00 -
n 12 11 11 12 11 11 12 11 11
Unflooded X 30816 3060 41.6 679 623 0.56 10.8 3.82 BD
surface sd 22121 1174 58.3 463 224 0.65 5.2 1.25 -
soil n 2 2 2 2 2 2 2 2 2
Unflooded X 19175 1051 75.5 487 275 1.62 17.6 3.32 BD
subsoil sd 7290 261 47.0 42 34 1.04 5.7 1.49 -
n 4 4 4 4 4 4 4 4 4
LOD 10 0.13 0.08 0.2 0.067 0.04 2.8 0.33 0.2




Total Acid Water Total Acid Water
A ll X 712 294 0.88 1839 9 77 36.3
samples sd 701 525 1.26 1771 1266 71.6
n 83 78 78 83 78 78
Reworked X 403 160 BD 1579 1080 7.95
channel sd 461 162 - 716 541 11.4
n 13 13 13 13 13 13
Upper X 719 137 BD 1447 614 39.9
tailings sd 356 129 - 969 873 81.2
n 16 14 14 16 14 14
Pink X 1242 113 0.69 643 337 85.1
clay sd 233 91.1 0.37 412 416 111
n 6 6 6 6 6 6
Lower X 1012 307 1.03 2410 536 102
tailings sd 508 253 0.72 750 382 86.5
n 6 6 6 6 6 6
Green X 834 593 3.86 3060 1803 116
sand sd 365 340 3.18 918 495 141
n 4 4 4 4 4 4
Reduced X 2091 1382 2.18 5053 2647 52.4
tailings sd 640 892 1.36 2298 1857 80.2
n 7 7 7 7 7 7
Paleo A X 548 385 0.99 2408 1781 14.3
horizon sd 884 742 0.37 2237 1994 17.2
n 9 9 9 9 9 9
Paleo X 98.8 7.96 BD 157 82 3.30
subsoil sd 18 8 3.40 - 115 93 3.12
n 12 11 11 12 11 11
Unflooded X 264 226 BD 1862 798 2.94
surface sd 186 190 - 1626 724 3.93
soil n 2 2 2 2 2 2
Unflooded X 42.9 11.9 BD 97.3 39 0.55
subsoil sd 26.5 2.49 - 40.3 22 0.32
n 4 4 4 4 4 4
LOD 17 1.0 0.6 0.9 0.067 0.04
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Table 9. B ackground concentrations of to tal m etals in  24 floodp la in  
sed im en ts sam ples taken  from  C lark Fork R iver tribu taries. C oncentrations 
in  p g /g . D ata from  M oore and  o thers (1989).
M etal M ean
S tan d ard
D ev ia tio n M in im u m M a x im u m
A s 26.5 22.5 9.0 95.0
Cd <2.5 - <2.5 <2.5
Cu 27 15 9.0 62
Fe 13,700 3,870 7,480 23,300
M n 438 240 159 1200
Pb 24 33 7.0 146
Z n 94 98 17 428
Table 10. F reshw ater aquatic  life s tandards (EPA, 1986).
E lem en t
EPA
acute
fresh w ate r







A s3+ 360 190
c d 3.9* 1.1*
C u 18* 12*
Fe - 1,000
N i 1,400* 160*
Pb 8.2* 3.2*
Z n 120* 110*





Figure 1. M aps show ing  location of s tudy  area and  location of m aps in figure 2.
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Tailings thickness, 0 - 1 0  cm 
Tailings thickness, 1 0 - 30  cm 
Tailings thickness, 30 - 50 cm
Tailings thickness, >50 cm
R ew orked channel tailings (m ixture of tailings 
and  cleaner sedim ent) generally  deposited  on 
po in t bars and  channel banks
Thickness of tailings in  cm
Thickness of tailings in  cm (data from  Schafer and  
Associates, 1988)
43b-e Soil p it sam pling site w ith  sam ple num ber(s)
(m ay also have tailings thickness)
(Base m aps from  uncorrected aerial pho tog raphs taken 
in  A ugust 1983 at 1:8,000 scale.)
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Figure 2b. Map of part of Clark Fork River floodplain showing sampling sites
and tailings thickness. See figure 1 for location of mapped area.
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Figure 2c. Map of part of Clark Fork River floodplain showing sampling sites
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Figure 2d. Map of part of Clark Fork River floodplain showing sampling sites




Figure 2e. Map of part of Clark Fork River floodplain showing sampling sites
and tailings thickness. See figure 1 for location of mapped area.
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Figure 2f. Map of part of Clark Fork River floodplain showing sampling sites






Figure 2g. Map of part of Clark Fork River floodplain showing sampling sites
and tailings thickness. See figure 1 for location of mapped area.
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Figure 2h. Map of part of Clark Fork River floodplain showing sampling sites
and tailings thickness. See figure 1 for location of mapped area.
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Figure 2i. Map of part of Clark Fork River floodplain showing sampling sites










Figure 3a. Legend for boxplots in  figures 3b-3i show ing total, acid-extractable 
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Figure 3d. Boxplot showing total, acid-extractable and water-
extractable copper concentrations by sediment type.
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Figure 3f. Boxplot showing total, acid-extractable and water-
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Figure 3g. Boxplot showing total, acid-extractable and water-
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Figure 3h. Boxplot showing total, acid-extractable and water-
















































<A 1- VI O ' L. (A ■o ■O IA <  C oO ' «/ O ' p2 0/ O ' c 0/ O ' oC Q . C
o > • £  o  r= 
—i
aj O C O Kl■ r—
■ r— Q . ^‘J5
CO








0/ o  ■o M 
2o 3^  CO c  3
Figure 3i. Boxplot showing total, acid-extractable and water-



























Figure 4. Boxplots com paring  to tal m etal concentrations in u p p e r tailings, 







Figure 5. Map showing percent of Clark Fork River banks which are eroding.
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In tro d u c tio n
R iver valleys dow nstream  of m any  historic m in ing  d istric ts have  been  
con tam inated  w ith  heavy  m etals by  fluvial deposition  of m ine w astes. 
V arious approaches exist to  p roduce  geochem ical m aps of m etal d istribu tions 
in floodp la in  sedim ents. T rad itional m ethods invo lv ing  de ta iled  m ap p in g  
and  chem ical sam pling  are  tim e consum ing an d  invo lve  considerab le  
labora to ry  w ork. For instance, Brooks an d  M oore (1989) developed  a 
re la tively  com plete d a ta  set b y  in tensive sam pling  and  chem ical analysis 
efforts a t a sm all site along the u p p e r C lark  Fork R iver in  w estern  M ontana 
and  w ere  able to d raw  conclusions about post-depositional d iagenetic  
processes. Sim ilarly, Bradley and  Cox (1986,1987) stud ied  m etals in 
floodplain  deposits on  2 stream s in central E ngland, and  Rice an d  Ray (1985) 
analyzed  floodplain  soils a t ano ther C lark Fork R iver site.
A lthough  deta iled  stud ies are  essential in  geochem ical s tud ies focussed on 
m etal p a rtitio n in g  o r m obilization , stud ies designed  to  inven to ry  m etal 
concen trations an d  the  ex ten t of m etal po llu tion  m ay  no t requ ire  such 
in tensive  effort. A lternative  m ethods w hich  are m ore efficient save  tim e and  
m oney, especially  a t large sites. R ang an d  o thers (1987) show ed th a t by 
m ap p in g  in u n d a tio n  frequency, carbonate content, and  recent sed im en ta tion  
rates, they  cou ld  exp lain  m ost of the varia tion  in  heavy  m etal concentrations 
in con tam inated  floodp la in  soils along the R iver M euse in  Belgium . D avies 
a n d  Lew in (1974) and  W olfenden and  Lew in (1977) d em onstra ted  a 
re la tionsh ip  betw een  the  age of floodplain  sedim ents, pe riods of u p stream  
m in ing  activ ity , and  m etal con ten t in the  floodp la in  soils a long the  R iver
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R heidol in  W ales. L eenaers and  o thers (1988) exp lo red  various m athem atical 
spatia l p red ic tion  m ethods to  in terpo la te  Z n concentrations betw een  da ta  
po in ts for floodplain  soils along the  River G eul in  H olland. G o d d ard  (1989) 
conducted  a stratified , random  sed im ent sam pling  p rog ram  in  his 
reconnaissance s tu d y  of W hitew ood C reek and  the Belle Fourche R iver in 
South  D akota to  avoid  sam pling  all con tam inated  areas. C learly  d ifferen t 
approaches to  efficient m app ing  of m etal po llu tion  have been  tried  an d  
d ifferent m ethods are applicable at d ifferent sites dep en d in g  on  such factors as 
the age of sed im ents, p revailing  clim ate, and  the  fluvial h isto ry  of the 
con tam inated  floodplain . In this paper, I have  p roposed  a new  approach  to 
geochem ical m ap p in g  w hich  uses a sim ple analytical m ethod  to  p red ic t 
w ater-so lub le  m etal en richm ent in  surface sed im en ts on  floodplains.
H eavy  m etals fo und  in flood-deposited  m ine tailings affect river b io ta  and  
ag ricu ltu ral p roductiv ity  along  200 km  of the u p p e r C lark  Fork R iver valley  
in w estern  M ontana. A lthough  the  area has been  designated  a federal 
S uperfund  site, little  effort has been  m ade  to define the  ex ten t of m etal 
con tam ination  on  th e  floodplain . The C lark  Fork R iver has been  subjected to 
increased  loads of m etal-con tam inated  sed im en t since the  onset of m in ing  in 
Butte in 1864 an d  the  construction of sm elters in  A naconda in  1884. P rior to 
1911, th ere  w ere  no  sed im ent control struc tu res on  Silver Bow or W arm  
Springs C reeks, the  C lark Fork R iver tribu taries in to  w hich  m ine  w astes w ere  
d u m p ed  (MDHES, 1989). O ver ten  m illion tons of w astes p ro d u ced  from  
sm elting  an d  m illing  in Butte w ere  d isposed  of in  Silver Bow C reek betw een  
1878 and  1925. These w astes w ere tran spo rted  to  the C lark Fork River by  at 
least four m ajor floods in the 1890's an d  the largest flood on  record , w hich
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occurred  in  1908 (CH2M  Hill, 1989a). S tratigraphic evidence indicates that 
these few  floods deposited  considerable quantities of essentially  p u re  tailings 
as they  bu ilt a "m ining" terrace over the  pre-existing floodp la in  an d  low  
terraces. Settling p o n d s an d  tailings im poundm en ts b u ilt in  the  early  1900's 
red u ced  the  sup p ly  of tailings to  the u p p e r C lark  Fork River. C onstruction  of 
m ore settling  po n d s in  the  1950's essentially  stopped  the  tran sp o rt of 
add itional tailings to  the  C lark  Fork River. The ores m ined  w ere  dom inan tly  
sulfides of C u, Pb, Zn, an d  As (M eyer an d  o thers, 1968), and  e levated  levels of 
As, C d, C u, Fe, M n, N i, Pb, and  Z n curren tly  are found  in  dow nstream  
floodp la in  and  stream bed  sedim ents (M oore, 1985; Brook an d  M oore, 1988; 
M oore an d  others, 1989). The s tu d y  area (fig. 1) ex tends from  the sta rt of the 
C lark  Fork R iver a t the  confluence of Silver Bow and  W arm  Springs C reeks 
to a p o in t about ten  km  d o w n  valley p ast the  tow n of Galen. In th is area, 
flood-deposited  tailings occur in a band  u p  to 900 m  w ide  an d  1.2 m  deep.
A lthough  agricu ltu ral p roductiv ity  has been  severely  lim ited  by  the 
m etals' affects on  vegetation  (Rice and  Ray, 1985) an d  erosion  of stream banks 
continues to in troduce  m etals in to  the C lark  Fork R iver (A ndrew s, 1987; 
A xtm ann  an d  L uom a, 1987), the  p rim ary  env ironm en ta l concern  is the 
occurrence of severe period ic  fish kills caused  by  the  acid ity  and  h igh  m etal 
concen trations in  sto rm  runo ff from  unvegeta ted  stream side  tailings. 
T herefore, th is s tu d y  investigated  the  concentrations in  surface soils of w ater- 
soluble m etals th a t can be d isso lved  easily and  tran sp o rted  to the river by 
sto rm  an d  snow m elt runoff. A fter study ing  p a rt of the  area  in detail, I have 
developed  a sim ple inven to ry  m ethod  w hich  can quickly  an d  easily p red ic t 
the  degree  of m etal con tam ination  of flood-deposited  surface sed im ents in
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the  valley. This m ethod  has the  po ten tial to  g rea tly  reduce  the  tim e and  
expense n eed ed  to inven to ry  the extensive con tam inated  areas along  the  
C lark  Fork R iver an d  to  determ ine  w hich  floodp la in  areas shou ld  have  the 
h ighest p rio rity  for reclam ation. The m ethod  m ay  also ap p ly  to  o ther w estern  
valleys w ith  sim ilar deposits of su lfide-rich  tailings.
M ethods
Field w ork  invo lved  the identification  an d  m ap p in g  of ta ilings m ateria l 
th ro u g h  inspection  of stream  cuts an d  excavated soil pits. Sam ples of the  top 
2 cm of surface sed im ent w ere collected d u rin g  the  sum m er of 1988. N o 
special p reserva tion  techniques w ere u sed  because the  sam ples w ere 
rela tively  d ry  and  w ere  from  areas exposed to  the  atm osphere. Color aerial 
ph o to g rap h s taken  for the  E nvironm ental P ro tection  A gency (EPA) in  A ugust 
1983 a t a scale of 1:8,000 w ere en larged  to 1:4,000 and  u sed  for field m apping .
In the  laboratory , sam ples w ere air d ried , split, crushed , an d  oven d ried  at 
70°C for 24 hours. W ater extracts of the sam ples follow ed a m odified  EPA 
(1985) toxicity test m ethod  and  w ere m ade by  com bining 2 g of sam ple w ith  40 
m l of de ion ized  w ater. The m ix ture  w as shaken  for 24 hou rs an d  then  passed  
th ro u g h  a 0.45 u m  filter. F iltrate p H  w as m easu red  im m ediately . The 
rem ain ing  so lu tion  w as acidified w ith  concentrated  n itric  acid (3 m l/1) and  
analyzed  by  inductively  coupled  argon  p lasm a em ission spectrom etry  
(ICAPES) for Al, As, Ca, Cd, Cu, Fe, M g, M n, N a, N i, and  Zn. C hem ical da ta  
are tabu la ted  in  append ix  B. Precision of the ICAPES analyses w as established 
th ro u g h  repeated  analysis of U.S. Geological Survey w ater s tandards (table 1).
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A lm ost all resu lts w ere  w ith in  one s tan d a rd  dev ia tion  of certified  values. 
Exceptions w ere C u in s tan d ard  T97 and  Cu, Fe, M n, an d  Zn in  s tan d ard  
AM W -2. Recoveries for these m etals w ere w ith in  tw o  s ta n d a rd  deviations. 
Precision of As analyses w as poor an d  therefore rep o rted  As concentrations 
shou ld  be considered  estim ates. T here w ere  no s tan d ard s available w hich  
could  be u sed  to verify the accuracy of the w ater-extract p rocedure. Results for 
m u ltip le  sp lits of in d iv id u a l sam ples w ere generally  w ith in  1 0 % (table 2 ).
The varia tion  w as d u e  a lm ost en tirely  to the sp litting  and  extract po rtion  of 
the  p rocedu re  because replicate ICAPES analyses w ere extrem ely consistent 
(table 3). Sulfate analyses u sed  the tu rb id im etric  m ethod  (A m erican Public 
H ealth  A ssociation an d  o thers, 1981) A  value  of one-half the  lim it of 
detection  w as u sed  for m etals below  detection w hen  com puting  average 
concen tra tions o r po llu tion  indices.
R esu lts an d  D iscussion
F loodp la in  Sedim ents
F luvial deposits a long the  C lark  Fork River can be sep ara ted  in to  three 
tim e stra tig raph ic  units. The earliest u n it consists of p re-m in ing  floodplain  
deposits. The second u n it consists o f essentially  p u re  tailings carried  directly  
from  source areas in Butte an d  A naconda d u rin g  the  early  m in ing  years 
before settling  ponds an d  tailings im poundm en ts w ere  constructed . The 
y oungest u n it p robab ly  post-dates the  initial efforts to control the  dow nstream  
tran sp o rt of tailings and  consists of rew orked  m ixtures of the  first tw o un its 
d e riv ed  from  erosion of u p stream  banks.
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The floodp la in  an d  low  terraces of the  p re-m in ing  valley  floor w ere  
p robab ly  typical of sim ilar sm all w estern  rivers w ith  gravel beds (A ndrew s, 
1987). T he p re-m in ing  fluvial deposits w hich  u n d erlie  the  tailings consist of 
u p  to  40 cm  of fine g rained  overbank  deposits over stream  gravels. The 
overbank  deposits a re  easily  d istingu ished  from  tailings by  their d a rk  b row n  
color, m ore sandy  tex ture, an d  the  existence of m any  th in  beds w ith  variable 
g rain  sizes. G enerally  a da rk  b row n  to black paleo  "A" horizon  occurs at the 
top  of the  unit. Rem ains of o ld  w illow s b u ried  an d  killed  by  tailings deposits 
a re  roo ted  in  these  p re-m in ing  deposits.
P u re  tailings w ere  deposited  prim arily  as fine g ra ined  overbank  deposits 
b u t also occur locally as coarser sed im ent in po in t bars an d  channel-fill 
deposits. T he stra tig raphy  of these tailings is rem arkably  consistent 
th ro u g h o u t the  s tu d y  area and  indicates tha t tailings w ere  p robably  deposited  
by  a few  large floods and  no t a series of in term ediate-size floods. A ggradation  
of the  floodp la in  occurred  as the stream  b u ilt a h igher "m ining terrace" across 
the  p re-existing  floodplain  and  low  terrace(s). T here is no ev idence of 
m u ltip le  gravel-filled  paleochannels w hich  w o u ld  ind icate  th a t th e  river's 
channel p a tte rn  changed  from  m eandering  to b ra id ed  d u rin g  periods of 
m ax im um  sed im en t influx. C u rren t varia tions in  th ickness a n d  lateral 
ex tent of p u re  tailings likely w ere caused by  the pre-existing topography . In 
general tailings are  th in n e r or no t p resen t in  areas h igher above the  river, 
an d  the  thickness of the  tailings package decreases g radua lly  dow nstream  
th ro u g h  the  s tu d y  area. P ure  tailings consist p rim arily  of u p  to  120 cm of 
in te rb ed d ed  lam inar and  ripp le  cross lam inar beds of very  fine sandy  silt.
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W here o ld  channels w ere  filled, the  low er p a rt of the  u n it m ay consist of 
coarse san d  and  pebbles w ith  heavy redd ish -o range iron  stains.
R ew orked tailings occur prim arily  as sand  an d  pebble deposits on  large 
po in t bars fo rm ed by  the river, b u t also have been  sp read  as th in  (<25 cm) 
overbank  deposits  over m uch  of the  a rea  p rev iously  in u n d a ted  w ith  p u re  
tailings. The silty  fine sand  of these overbank  deposits is som ew hat coarser 
th an  the u n derly ing  p u re  tailings. R ew orked tailings deposited  by  overbank  
flow s have  irregu lar thicknesses and  d istribu tions probab ly  caused  by  
tem poral and  spatia l changes in  channel position  and  capacity. Bank heigh t 
varies be tw een  1  and  2  m  th roughou t the  s tu d y  area, w ith  the  h ighest banks 
in  new er reaches created  by  river avulsion.
A lthough  the  genesis of floodplain  deposits can best be exp la ined  by  the 
tim e s tra tig raph ic  un its described  above, floodplain  m ap p in g  for th is project 
concen tra ted  on  the  d is tribu tion  of surface sed im ents contain ing  w ater- 
so luble m etals w hich  affect the  quality  of storm  runoff. Four m ap  un its  w ere  
developed  to  categorize surface sed im ent on  the  valley  floor (fig. 2 ).
U nvegeta ted  p u re  tailings occur in  areas along the course of the  late  1800’s 
channel w here  to ta l p u re  tailings deposition  exceeded abou t 30 cm. M any of 
these areas, w hich  are u p  to 1.2 ha  (3 acres) in  size, occur along the p resen t day  
river (fig. 2). The tailings in these areas are  very  fine sandy  silts an d  range  in 
thickness u p  to  120 cm. The toxicity of these tailings killed  the  pre-existing  
rip a rian  vegetation  and  has p reven ted  any  subsequen t g row th  (H arkin  and  
Sw ain, 1907: H ayw ood , 1907). O w ing to  their barren  appearance, areas of pu re
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unvegeta ted  tailings are  called slickens. D uring  w arm  d ry  periods, m etal salts 
p rec ip ita te  on  the  tailings surface in to  a crust as m uch  as several centim eters 
th ick  as soil m o istu re  m oves u p w a rd  an d  evaporates. The crusts rap id ly  
d issolve in  ra inw ater, w hich  becom es very  acidic an d  m etal-rich. The tailings 
have  low  perm eab ility  an d  very  little  p rec ip ita tion  infiltrates be low  g ro u n d  
surface. In  each slicken area, netw orks of ephem eral channels u p  to  1 m  deep 
and  1 - 2  m  w ide  collect sto rm  runoff and  funnel it to  a few  discharge po in ts 
along the river. M any of these channels are  m ap p ed  in  figure  2. The 
com bination  of easily  d isso lved  salts on  the slicken surface and  the  quick and  
efficient tran sp o rt of con tam inated  sto rm  runo ff to the  river has caused  
recu rring  fish kills in  the  C lark Fork River.
R ew orked tailings are  d iv ided  in to  tw o  m ap  units. The first is rew orked  
overbank  tailings, w hich  generally  have been  deposited  over p u re  tailings. 
This sed im ent su p p o rts  the  g row th  of grass an d  shrubs in  som e areas an d  is 
u sua lly  ro o tb o u n d  because the  deposit is th in  an d  roots canno t su rv ive  in  the 
u n derly ing  tailings. Salts accum ulate  in  rew orked  overbank  tailings b u t are 
d is trib u ted  th ro u g h o u t the layer and  generally  do  no t form  surface crusts.
The layer is also m ore perm eable  th an  p u re  tailings an d  allow s less d irect 
sto rm  runoff. O n the  o u ter m arg ins of th is un it, there  can be a substan tia l 
am o u n t of uncon tam ina ted  overbank  sed im en t from  trib u ta ry  stream s. In a 
few  areas, p low ing  has obscured  the  tailings stra tig raphy , and  toxic effects of 
m etals are n o t read ily  apparen t.
R ew orked channel tailings occur in  p o in t bars an d  as accretionary deposits 
along channel banks. These sedim ents are  fine sands to  pebbles an d  can
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su p p o rt lu sh  vegetation. They do  no t have  visible accum ulations of surface 
salts in crusts. These sedim ents are  consolidated  as one u n it in  figure  2 b u t 
w ere  separa ted  in to  tw o units in the  field based  on  rela tive  age. Recent 
rew orked  channel tailings, the youngest deposits, are p robab ly  less than  ten  
years o ld  and  have only  early  stages of colonizing vegetation. O lder rew orked  
channel tailings have  h a d  longer residence tim es on  the  floodp la in  an d  are 
fo und  as be tter vegetated  deposits slightly  rem oved  from  the  river channel.
The final m ap  u n it consists of un flooded  soils w hich  lie o u ts id e  th e  lim it 
of tailings deposition . These soils exist on adjacent terraces an d  in  m arg inal 
floodp la in  areas w hich  w ere  n o t in u n d a ted  by  the  large  floods of the  1890’s 
an d  1900’s. U nflooded soils generally  are grey and  very  fine g ra ined  and  
exhib it signs of soil developm ent such as soil peds and  carbonate  enrichm ent. 
T he exception are som e poorly  developed  sandy  soils on  several a lluvial fans 
east of the  river.
M etal C oncen tra tions
W ater-ex tracted  m etal concentrations give an ind ication  of the  actual 
concen trations of m etals w hich  m igh t occur in  sto rm  ru n o ff from  stream side  
tailings (table 4 and  append ix  B). C oncentrations of C u, M n, an d  Z n w ere 
very  h igh , w ith  values for unvegeta ted  p u re  tailings as h igh  as 1 0 , 0 0 0  m g / 1  
C u, 2,600 m g /I  M n, and  4,800 m g/1  Zn. C oncentrations of o ther m etals (Al, 
As, C d, Fe, an d  Ni) are  m uch low er. W ith the  exception of As, all m etals 
show  the  sam e concentration  trends am ong surface sed im en t types (fig. 3). As 
w ou ld  be expected, unvegeta ted  p u re  tailings have  th e  h ighest levels of trace
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m etals. L ow er levels are found  in rew orked  overbank  tailings an d  reflect the 
d ilu tion  of tailings w ith  cleaner sed im ents in th is unit. R ew orked channel 
deposits have even  low er m etal concentrations, p robab ly  because they  are n o t 
in d irect contact w ith  p u re  tailings. W ith in  the  rew orked  channel deposits, 
the younger sed im ents have  the  low est m etal concentrations d u e  to sho rte r 
tim es for post-depositional w eathering .
M etal concentrations in un flooded  surface soils are  d ifferen t th an  in 
floodp la in  sed im ents and  reflect d ifferent sources of m etals. W idespread  
con tam ination  of soils occurred  betw een  1884 and  1982 as em issions from  
sm elters in A naconda settled  over the  sou thern  D eer L odge valley  (Tetra 
Tech, 1987). The concentration of As in  sm elter airfall in  the early  1900's w as 
h igh  enough  to cause sickness and  death  in  cattle (H ayw ood, 1907). As a 
resu lt, w ater-so lub le  concentrations of As in un flooded  soils are h igh  and  
w ell above the levels found  in  floodplain  sedim ents (table 4). C d, C u, and  N i 
in  un flooded  soils a re  also e levated , w ith  concentra tions above those found  
in  recen t rew orked  channel deposits. T etra Tech (1987) repo rts extensive Pb 
con tam ination  as w ell.
P o llu tio n  Index
M aking sense of d a ta  sets w hich  include  analyses for m u ltip le  m etals can 
be difficult because of the num ber of m etals involved. O ne approach  to 
sim plify ing  m ultivaria te  da ta  is to use som e so rt of index  w hich  com posites 
d a ta  for each sam ple  in to  a single value  w hich  can be used  for com parative 
purposes. For instance, M iyai an d  o thers (1985) show ed  th a t the  first factor of
68
a p rincipal com ponent analysis w as able to  explain  m uch  of the varia tion  in  
m etals con ten t in  tw o  sets of da ta  for Japanese river sedim ents. A lthough  
th is first factor, in  bo th  cases, w as m ade u p  of significant loadings from  each 
of the  m etals m easu red , try ing  to establish a physical rationale  for the 
statistical basis of the  w eigh ting  of the d ifferent m etals in  the factor is difficult. 
Perhaps a be tte r app roach  to  com paring  m etal concentrations is to com pute  
an  index  w hich  averages the  en richm ent of each m etal in  a sam ple. N ish ida  
an d  Suzuki (1984) p roposed  such a po llu tion  index  for Japanese river 
sed im ents an d  u sed  the average concentration of each m etal in  
uncon tam ina ted  stream s as the  basis for com pu ting  enrichm ent. I have 
developed  a sim ilar po llu tion  index  in an  effort to  sum m arize  the m etal da ta  
for floodp la in  sed im ents from  the C lark Fork River. Because runoff from  
stream side  tailings is rich  in  m etals and  poses a h aza rd  to aquatic  organism s, 
the  index  developed  here  uses EPA h azard  levels for each m etal to  com pute  
en richm en t in stead  of background  concentrations. A cute fresh  w ater aquatic 
life s tan d ard s have been  set for Cd, Cu, Fe, N i and  Zn. EPA has also set a 
s tan d a rd  for As3+ b u t n o t for A s5+. The As3+ s tan d ard  w as u sed  in  the 
absence of a s tan d a rd  for a com bination of the  tw o  species. A  h aza rd  level for 
A1 w as taken  from  research  by  Freem an and  E verhart (1971) on  ra inbow  trout.
The po llu tion  index  is com puted  by  averag ing  the  logs of the  ratios of 
m etal concentrations to  the  hazard  criteria. Logs w ere  em ployed  in the  ratios 
because the  concentration  values range over several o rders of m agn itude:
X, / m etal concen tra tion  in w a te r ex trac t\°  '  h a z a rd  level fo r m eta l '
po llu tion  inaex  = --------------------- n u m b e r o f m eta ls--------------------
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The m etals included  in  the  index w ere Al, As, C d, C u, Fe, N i, and  Zn 
because at least som e sam ples h ad  concentrations of these  m etals w hich  
exceeded the  h aza rd  criteria and  all are toxic to  aquatic life at e levated  
concentrations. M n w as excluded because it is n o t toxic to  aquatic life at the 
concentrations m easu red  in  the  w ater extracts (EPA, 1986; McKee and  W olf, 
1963).
P o llu tion  indices for C lark  Fork River valley  surface sedim ents ind icate  
the  rela tive  en richm ent of m etals over h aza rd  levels. V alues range  from  2.41 
to  -1.08 and  ind icate  th a t on  average, m etal concentrations of w ater-so luble 
m etals range over alm ost four o rders of m agn itude . A  positive  po llu tion  
index  indicates that, on  average, m etal concentrations in  an extract are above 
the h aza rd  level. V alues below  zero  indicate average m etal levels below  EPA 
stan d ard s b u t do  no t necessarily  indicate tha t there  is no  enrichm ent over 
background . As w ith  the  da ta  for ind iv idual m etals (except As), po llu tion  
indices are h ighest for unvegeta ted  p u re  tailings w ith  decreasing  indices for 
rew orked-overbank , o ld er rew orked-channel, an d  y o unger rew orked-channel 
deposits (fig. 4).
The increase in po llu tion  indices th rough  the  various sed im en t types is 
m irro red  by  a correspond ing  decrease in p H  (fig. 5). In  fact, the  correlation 
betw een  p H  and  po llu tion  index is quite strong  (r2  = .87), and  p H  appears to be 
a useful p red ic to r of the  po llu tion  index (fig. 6 ). The su itab ility  of using  the 
rela tion  betw een  p H  and  a w ater-soluble m etals index  w as tested  by  using  data  
collected a t an  u p stream  site. D uring  a rem edial investigation  (CH2M  Hill, 
1989b), p H  and  m etal concentrations (Al, As, C d, C u, M n, and  Zn) w ere
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m easu red  in  sa tu ra tion  extracts o f surface sam ples (0 - 1  in) from  the  
floodp la in  in  the  M ill-W illow  bypass, an  artificial channel w hich  d iverts 
flood flow s a ro u n d  settling ponds (data  in  append ix  B). U sing  the above 
equation , po llu tion  indices w ere calculated for each sam ple  from  the 
available m etal d a ta  (except M n) and  p lo tted  against p H  (fig. 7). V alues of the  
po llu tion  index  for bypass d a ta  are  h igher th an  those calculated for C lark  Fork 
R iver sam ples because d ifferent m etals w ere u sed  in the  index  an d  because a 
d ifferen t w ater-ex tract p rocedure  w as used. N evertheless, the  correlation  
betw een p H  an d  po llu tion  index  is strong  (r2  = .89) and  dem onstra tes th a t the 
rela tion  ho lds for ano ther d a ta  set.
E volution of Surface C rusts
Precise identifications of m ost of the  salts found  in crusts on p u re  tailings 
have  n o t been  m ade. H ow ever, the dom inan t com ponen ts of the  m ineral 
phases are those found  in  h igh  concentrations in the  w a ter extracts: Ca, Cu, 
M g, M n, N a , SO4 2", an d  Zn. Scanning electron m icroscope (SEM) im ages (fig. 
8 ) of crust sam ples show  euhedral crystals as long as 1 0 0  pm  of several 
m inerals. E nergy d ispersive x-ray (EDX) analyses of ind iv idua l crystals give 
their chem ical com ponents. G ypsum  (CaSC>4 *2 H 2 0 ) is p resen t based  on  its 
crystal m orphology  an d  the  C u an d  S peaks in the  EDX analysis (fig.9). There 
a re  m any  specim ens of a m ineral rich  in C u  and  S in figure 8  w hich  has no t 
been precisely  iden tified  b u t is m ost likely a m onoclinic o r triclinic h y d ra ted  
copper sulfate such as chalcanthite (CuSC>4 *5 H 2 0 ) o r booth ite  (CuSC>4 «7 H 2 0 ). 
C oatings o f fine crystalline m aterial a ro u n d  the  larger crystals (fig. 8 ) have
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high  concentrations of C u, M n, Zn, and  S and  p robably  are  also h y d ra ted  
sulfates, such as gunn ing ite  ((Zn,M n)S0 4 »H2 O)).
A  list (table 6 ) of m ineral phases w hich w ou ld  be su p ersa tu ra ted  in w ater 
extracts of sam ples 13 and  26a w as generated  using  the geochem ical m odel 
W ATEQ4F (Ball and  o thers, 1987). A lthough  the  code does n o t contain  
therm odynam ic  da ta  for all possible sulfate m inerals, the  list in  table 6  does 
show  that m any  basic m etal sulfates are oversa tu ra ted  in the  w ater extracts 
an d  therefore are possible  com ponents of the crusts.
The concentration  of m etal sulfates in surface crusts involves m any  steps. 
A lthough  the deta ils have n o t been  investigated , the  conceptual m odel 
described  below  is a p lausib le  explanation  for the  form ation  of crusts w hich 
d issolve read ily  an d  release large quantities of m etals an d  acid. The m odel 
assum es th a t m etals an d  H + released  by su lfide oxidation  m igrate  to the 
surface w here  evapora tion  concentrates them  and  causes the ir p rec ip ita tion  
in  crusts.
The oxidation  of py rite  is a w ell docum ented  process (Singer an d  Stum m , 
1970; N ordstrom , 1982a; M oses an d  o thers, 1987) w hich  releases iron, sulfate, 
and  h y d ro n iu m  ions to solution. The m ulti-step  reaction  can p ro d u ce  
vary ing  en d  p ro d u cts  and  am ounts of acid b u t the  follow ing reaction is 
p robab ly  rep resen ta tive  of w h a t occurs in  in the  near-surface floodplain  
tailings (D ubrovsky an d  others, 1985):
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—  T .  f e r r o o x i d a n s ---------
14 Fe3+ + FeS2  + 24H20  <-> 15
As long  as 0 2  is available for the bacteria, th is equation  pred ic ts th a t Fe3+' 
S0 4 2-, an d  H + w ill be ab u n d an t in  solution. O ther m etal su lfides, such 
as a rsenopyrite  (FeAsS), chalcocite (Cu2 S), galena (PbS), an d  sphalerite  (ZnS) 
w hich  are fo u n d  in  Butte ores, u n d e rg o  sim ilar ox idation  reactions involv ing  
ferric iron (L undgren  and  Stark, 1980; M oses and  others, 1987) an d  m icrobial 
catalysis (Silver and  Torm a, 1974) and  p roduce  m etal ions, SC>4 2", and  H +.
Som e neu tra liza tion  m ay  occur w ith in  the tailings b u t there  is insufficient 
a lkalin ity  p resen t to  raise the p H  of the tailings to  near neu tra l levels. 
Buffering capacity  com es from  d isso lu tion  of carbonates (w hich occur in  the 
w atershed), d isso lu tion  of Fe and  Al hydroxides, so rp tion  of H +, and  
alkalin ity  p ro d u ced  by  the accelerated w eathering  of alum inosilicates (M orin 
an d  o thers, 1988). These reactions increase the concentrations of m ajor ions 
in  pore  w a te r in  tailings. Porew aters a lready  rich  in  m etals, m ajor ions, and  
H + are concentra ted  fu rther as soil m oisture  rises to the surface and  
evaporates. M inerals precip ita te  from  so lu tion  as ion p ro d u cts  rise above 
so lubility  p roducts an d  create su p ersa tu ra ted  conditions.
S tudies of salts collected from  o ther sulfide tailings have show n th a t 
m elan terite  (FeSC>4*7H2 0 ) ,  rozenite  (FeSC>4 *4 H 2 0 ), an d  szom olnokite  
(FeS0 4 *H2 0 ) form  from  evapora ting  po rew ater in acidic tailings.
Subsequently , these h y d ra ted  iron  sulfates oxidize to copiapite 
(Fe2 +Fe3 + (S0 4 )8 (0 H )2 *2 0 H 2 0 ), w hich  is a com m only found  yellow  m ineral
,e2+ +2 S O i2 - + 16H iO +
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on  su lfide  m ine tailings (N ordstrom , 1982a). Fillpek an d  others (1987) 
iden tified  several h y d ra ted  C u, Fe, M n, and  Zn sulfates, includ ing  
szom olnokite, sidero til (FeSC>4 *5 H 2 0 ), and  gunn ing ite , by  x-ray diffraction of 
efflorescences collected from  aerially exposed rocks in  a stream  receiving acid 
m ine  d rainage.
C onsidering  the h igh  C u conten t of the  Butte ores, p rec ip ita tion  of 
h y d ra ted  copper sulfates is extrem ely likely on  C lark  Fork River tailings.
M any h y d ra ted  m etal su lfates can occur w ith  solid so lu tions betw een  several 
m etals. For exam ple, epsom ite (MgSC>4 *7 H 2 0 ) form s a solid solution w ith  Cu, 
M n, N i, and  Zn, an d  chalcanthite  form s a series w ith  Fe2+, M g, M n, an d  Zn 
(Palache and  o thers, 1951). Extensive substitu tion  of d ivalen t and  triva len t 
m etal ions such as M g2+, C u2+, Z n2+, C d2+, and  A l3+ also occurs in som e 
sulfates such as copiapite  (N ordstrom , 1979) and  m elan terite  (Palache and  
o thers, 1951).
The fate of H + in  evaporating  po rew ater is no t com pletely understood , b u t 
the  fact th a t it is released  quickly w hen  crusts are  d isso lved  is quite  clear. 
References to the  acid p ro d u ced  w hen  m etal sulfates dissolve occur in  the 
lite ra tu re  (Bandy, 1938; N o rdstrom  and  D agenhart, 1978; N ordstrom , 1982a), 
b u t a su itab le explanation  has n o t been p roposed . Several m echanism s for 
acid release are possible. H ydra tion  of the transition  m etals w hich are 
released by  d isso lu tion  of sulfates is the m ost likely source of acidity. 
D issolution of jarosite an d  p recip ita tion  of ferrihydrite  p roduces excess H + .
KFe3 (S0 4 )2 (0 H ) 6  K+ + 3 Fe3 + + 2 S0 4 2 - + 60H " 
ja ro s ite
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3Fe3+ + 6 0 H - + 3H 20 *-> 3Fe(OH ) 3  + 3H+
ferrih y d rite
If the  reactions involved  hyd ro n iu m  jarosite, an  add itiona l H + w o u ld  be
p roduced . D issolu tion  of a lun ite  o r basalum inite  a n d  p rec ip ita tion  of gibbsite
has th e  sam e resu lt (N ordstrom , 1982b).
A14 (O H )ioS0 4  + 2H 20 <-» 4A l(O H ) 3  + S 0 42" + 2 H + 
b a sa lu m in ite  gibbsite
Basic copper sulfates, such  as brochantite  an d  antlerite, m ay  also un d erg o  
sim ilar reactions. H y d ro n iu m  ions w hich  partic ipa ted  in  substitu tion  
reactions in  h y d ra ted  m etal sulfates o r u n d e rw en t so rp tion  d u rin g  crust 
fo rm ation  (see above) are  released  to  so lu tion  w hen  the  crusts dissolve. 
Sulfuric acid  w hich  w as inco rpora ted  in to  precip ita tes as flu id  inclusions or 
rem ains as th in  film s on  crystal surfaces w ou ld  be rap id ly  released.
C onclusions
H y d ra ted  sulfates of principally  Cu, M n, and  Z n precip ita te  in  surface 
sed im en ts on  the  C lark  Fork R iver floodplain  as po rew aters carry ing  
b y p roducts  of su lfide  oxidation  reactions evaporate. The crusts w hich  form  
on  large areas of stream side tailings dissolve read ily  an d  release As, C d, Cu,
Fe, Zn, a n d  H + to sto rm  runoff in quantities w hich  have  caused  repeated  fish 
kills in  the  C lark  Fork River. D ata collected from  floodplain  sed im ents 
con tam inated  w ith  su lfide  tailings along the  u p p e r C lark  Fork R iver show  
th a t the  location an d  h azard  level of these w ater-so lub le  m etals can be 
inven to ried  by  m easu ring  the p H  of w ater extracts. A  po llu tion  index  has
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been  p ro p o sed  w hich  averages the  rela tive  en richm ent of the  m etals present. 
In th is case, enrichm ent is m easu red  against h aza rd  levels for aquatic  life b u t 
o th er benchm arks, such as backg round  concentrations in  uncon tam ina ted  
sed im ents, could also be em ployed. A  strong correlation w as found  betw een 
po llu tion  indices an d  pH , and  therefore  the  easily  m easu red  param eter, pH , 
can be u sed  as a p red ic to r of the  index. The correlation betw een  po llu tion  
index  an d  p H  w as tested  w ith  an independen t d a ta  set and  found  to be valid. 
The relation  betw een  p H  a n d  po llu tion  indices can p rov ide  the  basis for 
reconnaissance level geochem ical m app ing  of the  ex tensive areas of 
con tam inated  floodp la in  along  the C lark Fork River.
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Table 1. Results o f analyses of U.S. Geological Survey w ater standards.
T9 7 T103
U.S.G.S. th is study U.S.G.S. th is study
A l 0.126 (0.042) 0.148 (0.015) 0.127 (0.038) 0.139 (0.009)
A s 0 . 0 1 1  (0 .0 0 2 ) 0.013 (0.009) 0.003 (0.001) BD (0.03)
Ca 54 (2.1) 55 (1.3) 54.7 (2.0) 53.6 (0.8)
Cd 0.016 (0 .0 0 2 ) 0.016 (0 .0 0 1 ) 0 . 0 0 2  (0 .0 0 1 ) BD (0.002)
C u 0.017 (0.003) 0.010 (0.009) 0.083 (0.006) 0.079 (0.007)
Fe 0.10 (0.009) 0.108 (0.008) 0.041 (0.008) 0.041 (0.003)
M g 18.9 (1.0) 19.5 (0.9) 30.5 (1.2) 31.2 (1.2)
M n 0.031 (0.003) 0.030 (0.001) 0.009 (0.002) 0.007 (0.003)
N a 59 (3.1) 60 (3.7) 107 (5) 109 (4.8)
N i 0.015 (0.006) 0 . 0 1 2  (0 .0 0 2 ) 0.007 (0.003) BD (0.01)
Z n 0.153 (0.010) 0.156 (0.005) 0.027 (0.004) 0.028 (0.006)
n u m b e r - 34 - 18
A M W -1 A M W -2
U.S.G.S. th is study U.S.G.S. this study
A l 32.6 (1 .2 ) 33.3 (1.5) 2 1 (2 .0 ) 2 2 (1 .1 )
A s 0 . 1 2 (0.031) 0.14 (0 .1 1 ) 0.049 (0 .0 2 1 ) BD (0.03)
Cd 0 . 2 1 (0.024) 0 . 2 2 (0.033) 0.127 (0.013) 0.128 (0.017)
C u 9.1 (0.40) 9.5 (0.42) 5.15 (0.14) 5.41 (0.26)
Fe 207 (2 1 ) 223 (7) 145 (1 0 ) 156 (8 .6 )
M n 104 (6 .6 ) 108 (5.1) 89 (4.0) 96 (4.1)
N i 0.30 (0 .1 1 ) 0.27 (0 .1 2 ) 0.25 (0.034) 0.23 (0.062)
Z n 59 (5.0) 63 (2.5) 44 (2 .0 ) 47 (1.5)
n u m b e r - 8 - 7
Results rep o rted  as m ean  and  (standard  deviation) in m g/1. 
BD (0.03) = below  detection  (detection limit).
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Table 2. Sum m ary of quality  control da ta  for analyses of dup lica te  splits of 
sam ples.
A l A s Ca Cd C u Fe M g M n N i Z n PH SO4
N u m b e r of 
analyses 13 4 1 1 1 0 1 1 9 1 2 1 0 1 2 13 4 1
Percent of 
sp lits w ith  
RSD < 10%
92 75 1 0 0 90 82 78 92 90 92 92 1 0 0 1 0 0
RSD = rela tive  s tan d ard  dev ia tion
Table 3. Sum m ary of quality  control da ta  for replicate  analyses of extract 
sam ples.
A l A s Ca Cd C u Fe M g M n N i Z n
N u m b er of analyses 19 2 2 1 19 13 1 2 2 1 19 1 0 1 2
Percent of replicates 
w ith  RSD < 10%
95 1 0 0 1 0 0 95 92 92 1 0 0 1 0 0 1 0 0 92
RSD = rela tive  s tan d ard  dev ia tion
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Table 4. Sum m ary  of average m etal concentrations in  w ater extracts of 
floodp la in  surface sed im ents (m g / 1).
M etal
U n v eg e ta ted  
p u re  
ta ilings
R ew orked








c h a n n e l
deposits
U n flo o d ed
soils
A l 8 6 . 1 0.96 0.36 0.27 1.17
A s 0.13 0 . 1 1 0.05 0 . 0 2 0.49
Cd 3.5 0 . 1 0 0 . 0 1 BD BD
C u 2310 25 0.37 0 . 0 1 0.44
Fe 7.6 0.38 0.76 0.38 0.95
M n 351 8 . 2 1.25 0.17 0.30
N i 0 . 8 8 0 . 0 2 BD BD BD
Z n 1071 19 1 . 2 1 0.05 0.25
n u m b e r 52 5 6 3 8
Table 5. H aza rd  criteria used  in po llu tion  index.
EPA EPA
acute ch ron ic
freshw ate r fresh w ate r O ther
P aram ete r stan d ard stan d ard stan d ard
(u g / 1) (u g / 1) (u g / 1)
A l 0 .1 0 **
A s3+ 360 - -
c d 3.9* - -
C u 18* - -
Fe - 1 , 0 0 0 -
N i 1,400* - -
Z n 1 2 0 * - -
*Standard for w ater w ith  100 m g /I  hardness 
**Freeman an d  E verhart (1971).
Table 6 . M inerals p red ic ted  by  W ATEQ4F to be sup ersa tu ra ted  in  
extracts of crusts from  p u re  unvegetated  tailings.
A 1(0H )S 0 4
Al(OH)10SO 4 -5H2O b a sa lu m in ite
AIO(OH) diaspore
KA13 (S 0 4 )2 (0 H ) 6 a lu n ite
KFe3 (S 0 4 )2 (0 H ) 6 ja ro s ite
N aFe 3 (S 0 4 )2 (0 H ) 6 so d iu m  jarosite
(H 3 0 )F e 3 (S 0 4 )2 (0 H ) 6 h y d ro n iu m  jaro site
C aS 0 4 -2H20 gypsum
(am )Fe(O H ) 3 fe rrih y d rite
FeO(OH) goe th ite
Fe2 0 3 h e m a tite
Fe2 0 3 m a g h e m ite
Fe3 0 4 m ag n e tite
(N a.7,C a3 )M n 7 0 i4 *5H20 b irnessite
M n 0 2 py ro lu site
M n (0 ,0 H ) 2 n su tite
C u F e0 2 cu p ro u sfe rit
C u 3 (0 H ) 4 S 0 4 a n tle rite
C u 4 (0H )6S 0 4 b ro ch an tite
Cu4 (0 H ) 6 S 0 4 -H20 lang ite
C u 3 (P 0 4 ) 2 -
C u 3 (P 0 4 )2 *3H20 -
M n H P 0 4 -





Figure 1. Maps showing location of study area and location of maps in figure 2.
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Rew orked channel tailings (m ixture of tailings and  cleaner 
sedim ent) generally  deposited  on po in t bars and  channel 
banks; includes recent and  older deposits
R ew orked overbank tailings generally  
w ith  a th in  layer of rew orkecftailings
U nvegetated  p u re  tailings (slickens)
covered
Ephem eral channels drain ing  slickens and  
o ther areas underla in  by tailings
^ ̂  Location of form er channel active d u ring  tim e
v ̂  - of p rim ary  tailings deposition
o 4 3 a Surface soil sam pling site w ith  sam ple num ber(s)
(Base m aps from  uncorrected aerial pho tog raphs taken 
in  A ugust 1983 at 1:8,000 scale.)




Figure 2b. Map of part of Clark Fork River floodplain showing extent of
tailings deposition, slicken areas, and sampling sites. See figure 1 for







Figure 2c. Map of part of Gark Fork River floodplain showing extent of
tailings deposition, slicken areas, and sampling sites. See figure 1 for
location of mapped area.
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19a-b
Figure 2d. Map of part of Clark Fork River floodplain showing extent of
tailings deposition, slicken areas, and sampling sites. See figure 1 for
location of mapped area.
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34a-b 1 3
Figure 2e. Map of part of Clark Fork River floodplain showing extent of
tailings deposition, slicken areas, and sampling sites. See figure 1 for
location of mapped area.
8 6
Figure 2f. Map of part of Clark Fork River floodplain showing extent of
tailings deposition, slicken areas, and sampling sites. See figure 1 for
location of mapped area.
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Figure 2g. Map of part of Clark Fork River floodplain showing extent of
tailings deposition, slicken areas, and sampling sites. See figure 1 for
location of mapped area.
8 8
Figure 2h. Map of part of Clark Fork River floodplain showing extent of
tailings deposition, slicken areas, and sampling sites. See figure 1 for
location of mapped area.
Figure 2i. Map of part of Clark Fork River floodplain showing extent of
tailings deposition, slicken areas, and sampling sites. See figure 1 for







Figure 3a. Legend for boxplots in  figures 3b-3i show ing  concentrations of 
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Figure 3b. Boxplots showing water-soluble aluminum and arsenic












































Figure 3c. Boxplots showing water-soluble cadmium and copper
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Figure 3d. Boxplots showing water-soluble iron and manganese
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Figure 3e. Boxplots showing water-soluble nickel and zinc
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Figure 4. Boxplots show ing  range of po llu tion  indices for floodplain  surface 

















Figure 5. Boxplots showing range of pH values of water extracts of
floodplain surface sediments.
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7 8 95 63 4
Figure 6 . Scatterplot of po llu tion  index versus p H  for surface sedim ents from  
the C lark  Fork River floodplain  w ith  95% confidence bands.







872 3 4 65
PH
Figure 7. Scatterplot of po llu tion  index versus pH  for M ill-W illow  Bypass 
data  (CH2M  H ill, 1989b) w ith  95% confidence bands.
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Figure  8 . Scanning electron m icroscope im ages show ing  of g y p su m  (A), 




J( ; ^ S . - , A ^ ,.:,0
Figure 9. Results of energy d ispersive x-ray analyses. Top spectra  is gypsum  
(A in fig. 8 ), m idd le  spectra  is copper sulfate (B in fig. 8 ), and  bo ttom  is a Cu, 
M n, Zn sulfate (C in fig. 8 ).
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A ppend ix  A, Table 1. Chem ical d a ta  for to tal extracts of C lark  Fork River 
floodplain  sedim ents. C oncentrations in  p g /g . Key for sed im ent types in 
append ix  A, table 4.
Interval Sediment
Sample (cm) Type As Cd Gi Fe Ivfri N i Pb Zn
lb 15-46 2 44.8 7.10 1010 32300 835 18.5 200 1200
lc 59-74 9 286 BD 1130 32600 520 10.6 238 2010
2b 0-13 2 328 BD 3550 55800 660 17.0 486 1250
2c 13-25 2 400 2.05 889 17300 431 11.7 553 1100
2d 25-30 3 887 BD 1240 25900 258 6.20 1420 297
2e 30-40 4 2120 3.66 6850 42700 1170 18.8 1300 2430
2f 40-47 5 1730 BD 49300 32700 1040 16.4 673 2760
2g 47-58 4 3110 1.65 7980 42400 869 15.5 943 2330
2h 58-70 6 1170 8.05 17800 36700 5530 26.2 2660 4040
2i 70-80 8 BD 1.30 1020 22700 1190 12.5 BD 334
2j 105-115 8 BD 0.78 857 8590 140 10.7 64.1 120
2’a 17-23 2 380 2.10 350 18200 427 13.0 557 743
2’b 36-58 9 347 0.99 1050 45300 702 12.9 448 2500
2’c 58-59 8 BD 0.79 1460 16300 1660 18.7 689 386
3a 0-10 1 376 BD 628 15600 604 8.90 447 1990
3b 10-23 2 358 19.6 2910 47200 1460 28.0 442 3400
3c 23-28 3 754 6.77 1010 21900 387 5.38 1310 1370
3d 28-45 6 2050 9.80 15700 38800 2270 16.0 1220 5000
3e 45-60 6 3990 BD 37000 49200 1970 8.20 1840 7460
3f 60-85 7 14.5 6.96 570 18100 327 30.8 65.2 2950
11a 0-17 1 2470 BD 1960 42000 2170 15.0 1860 2820
lib 17-27 7 BD 8.96 4460 31000 1240 28.9 87.6 2280
11c 43-63 8 BD BD 35.4 27900 606 24.5 89.1 137
l id 63-90 8 BD 0.60 28.1 24500 710 22.3 71.2 76.7
l ie 90-100 8 BD BD 23.7 22500 644 17.4 30.9 63.4
I lf 100-112 8 BD 1.00 14.5 19800 349 8.70 35.1 33.2
12a 0-16 2 517 2.28 967 19400 355 11.9 568 890
12b 17-26 2 167 1.60 310 9170 247 4.59 462 551
12c 26-28 3 826 BD 1160 26300 272 7.47 1290 766
12d 28-38 4 2810 BD 11000 44100 1450 17.9 1900 2970
12e 38-57 7 BD 27.3 7860 31000 4870 25.8 70.6 6620
14a 0-22 2 488 BD 702 20900 226 11.5 992 269
14b 22-31 2 2550 BD 1360 35400 376 9.67 1310 450
14c 31-38 6 3500 BD 4250 47000 1990 15.4 2210 1890
14d 38-43 7 170 1.91 6660 19700 385 17.5 272 441
14e 43-77 8 BD 2.02 1350 15200 314 12.9 82.0 163
15a 0-14 1 77.5 13.7 1210 25700 1550 25.8 290 1470
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A ppend ix  A, Table 1, continued. 
Interval Sediment
imple (cm) Type As Cd Ou Fe Nfri N i Pb Zn
27b 0-9 3 1510 BD 4770 35700 537 9.55 1220 717
27c 9-20 4 836 BD 2860 33100 1070 12.9 576 1660
27d 20-23 4 2510 BD 3140 32800 744 8.78 697 3510
27e 23-33 5 2400 BD 22500 32700 672 18.8 608 2110
27f 33-45 6 3630 BD 7210 41800 1170 12.5 1460 2780
27g 45-71 7 663 7.96 12900 36200 4850 26.5 2210 5160
27h 71-100 8 BD BD 63.7 26600 607 22.6 37.8 135
38a 0-5 10 250 5.34 404 15200 774 16.8 184 424
38b 5-15 11 BD BD 36.7 12800 482 13.5 40.0 78,
38c 15-25 11 BD 3.77 18.0 13200 432 11.9 BD 50,
39b 0-11 2 515 BD 722 21300 385 5.75 539 462
39c 11-15 3 832 BD 961 26200 365 3.87 1420 283
39d 15-17 3 696 BD 1200 22900 368 5.55 793 422
39e 17-32 4 1220 BD 733 32700 1080 9.89 659 1560
39f 32-39 5 1430 BD 15300 35300 1530 8.84 675 3070
39g 39-49 6 530 27.9 10800 29000 1910 19.3 2220 7910
39h 49-55 7 17.5 BD 53.7 28500 1420 16.4 26.2 209
39i 55-61 8 BD BD 27.9 11800 250 9.49 BD 65,
39j 61-97 8 BD BD 20.4 17200 266 12.7 BD 115
39k 97-102 9 BD BD 54.5 14400 146 7.41 BD 158
40b 0-2 1 318 22.2 2650 39000 2390 28.7 436 2580
40c 2-50 1 75.3 BD 1210 29100 720 17.8 138 1170
48a 0-14 1 133 5.14 1150 36100 1410 18.3 241 1300
48b 14-31 2 2170 BD 2160 43800 2220 19.6 1400 2320
48c 31-49 7 BD 1.30 3040 24900 552 21.0 87.0 294
49a 0-16 2 465 BD 833 21500 614 5.90 543 1150
49b 16-33 2 1560 BD 1510 36900 1500 11.9 964 2290
49c 33-38 5 1730 6.10 26800 35700 2740 14.5 1380 4300
49d 38-44 6 1780 BD 28600 36100 5990 16.3 3030 6290
49e 44-58 7 BD 5.23 98.4 33400 1440 26.6 128 1290
50a 0-21 1 68.5 2.58 540 22700 1620 10.4 111 769
50b 21-24 1 74.0 2.40 829 40600 1560 18.6 146 1090
50c 24-51 1 57.7 4.94 596 40700 1720 24.7 150 983
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Appendix A, table 1, continued.
Interval Sediment
Sample (cm) Type As Cd Gi Fe Mn N i Pb Zn
51a 0-9 1 300 10.4 2080 35000 2170 23.7 376 2350
51b 9-38 2 286 10.9 2330 42100 1670 21.5 370 3070
51c 38-48 9 561 4.36 2540 76200 1540 13.9 487 5300
52a 0-8 1 511 13.6 4640 24500 1317 11.9 483 1900
52b 8-12 2 1650 BD 2140 32900 1350 13.1 1070 2370
52c 13-20 2 1620 BD 1150 36100 1700 17.6 1040 1640
52d 20-25 7 628 BD 5040 33300 3510 20.8 1990 2430
52e 27-58 8 BD BD 2820 20700 530 17.5 61.5 254
59a 0-5 10 300 8.35 2310 25500 1110 17.7 488 1740
59b 5-10 11 16.3 BD 135 23500 532 22.1 72.0 138
59c 10-15 11 BD BD 71.6 27200 500 22.9 50.9 122
60a 0-40 1 446 5.14 1240 36600 1650 21.8 456 1640
67a 0-15 1 BD BD 213 12700 1760 12.9 106 469
LOD 13 1.1 0.8 10 0.2 2.8 17 0.
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A ppendix  A, Table 2. Chem ical da ta  for acid extracts of C lark  Fork River 
floodplain  sedim ents, C oncentrations in  |ig /g . Key for sed im ent types in 
append ix  A, table 4.
Interval Sediment
Sample (cm) Type As Cd Gi Fe Mn N i Pb Zn
2b 0-13 2 140 BD 2940 18100 221 2.27 40.5 525
2c 13-25 2 365 BD 683 4210 56.0 0.67 57.4 144
2d 25-30 3 606 BD 834 7590 30.0 0.77 95.1 121
2e 30-40 4 1850 BD 6640 17100 196 2.03 320 437
2f 40-47 5 1650 BD 51000 18200 577 3.20 474 2050
2g 47-58 4 2320 BD 4750 20400 127 1.97 270 459
2h 58-70 6 1040 BD 17100 4610 2290 1.98 2250 1980
2i 70-80 8 3.9 2.80 1030 2940 504 1.03 9.27 284
2j 105-115 8 9.9 BD 812 701 29.9 BD 8.50 78.0
3a 0-10 1 339 BD 490 5100 243 1.90 138 1610
3b 10-23 2 253 17.1 2380 12800 874 8.27 217 2640
3c 23-28 3 261 2.6 642 5060 63.2 BD 297 1150
3d 28-45 6 2030 BD 14500 9710 779 2.53 1000 3090
3e 45-60 6 1420 BD 16300 6070 657 2.23 1230 3560
3f 60-85 7 6.8 4.97 58.1 2990 334 4.93 11.7 2110
11a 0-17 1 1840 BD 1110 7640 364 BD 653 319
lib 17-27 7 22.1 7.20 3730 1270 515 4.00 18.5 2050
11c 43-63 7 2.2 BD 16.0 1080 226 2.60 10.2 29.4
lid 63-90 7 2.8 BD 12.5 926 283 2.67 7.60 13.1
l ie 90-100 8 5.7 BD 33.1 2560 225 1.13 7.33 16.1
l l f 100-112 8 1.2 BD 19.1 722 39.2 BD 4.97 22.7
12a 0-16 2 390 BD 673 3580 34.0 BD 55.9 83.7
12b 17-26 2 100 BD 142 1100 17.1 0.97 41.2 41.0
12c 26-28 3 562 BD 573 4360 20.1 0.40 70.3 88.2
12d 28-38 4 2380 BD 10600 17500 288 3.45 800 1290
12e 38-57 7 15.0 23.9 8740 1310 2240 7.03 23.1 6200
14a 0-22 2 369 BD 400 2810 28.1 1.31 52.4 81.9
14b 22-31 2 2130 BD 740 13400 38.1 0.97 53.9 133
14c 31-38 6 2610 BD 1930 14400 202 0.67 108 314
14d 38-43 7 173 BD 5890 3920 76.6 1.12 46.0 264
14e 43-77 8 10.5 0.19 123 1100 24.3 BD 3.49 32.7
15a 0-14 1 83.4 10.9 924 9020 1080 4.27 70.3 1250
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A ppendix  A, Table 2, continued. 
Interval Sediment
Sample (cm) Type As Cd Gi Fe Mn N i Pb Zn
27b 0-9 3 1210 BD 3920 6870 113 BD 67.2 412
27c 9-20 4 750 BD 2420 11200 255 0.67 175 441
27d 20-23 4 1990 BD 2210 16500 96.9 BD 118 395
27e 23-33 5 2120 BD 20100 18200 145 2.60 323 1260
27f 33-45 6 2960 BD 4760 19300 144 0.33 637 482
27g 45-71 7 534 BD 11600 5390 1960 3.07 2010 3420
27h 71-100 8 8.1 BD 72.9 2610 149 2.70 15.1 57.6
38a 0-5 10 220 BD 280 2230 465 2.93 91.8 286
38b 5-15 11 12.0 BD 16.1 949 269 2.20 11.0 22.4
38c 15-25 11 4.4 BD 7.2 934 236 1.87 9.47 17.3
39b 0-11 2 233 BD 329 3220 20.4 0.63 27.6 67.3
39c 11-15 3 516 BD 406 8340 24.4 BD 93.4 125
39d 15-17 3 398 BD 446 5880 22.0 BD 57.2 124
39e 17-32 4 884 BD 444 13800 150 BD 161 192
39f 32-39 5 1350 BD 13500 13400 586 0.75 483 1540
39g 39-49 6 143 16.5 6200 3050 624 3.83 1870 5510
39h 49-55 7 23.5 BD 29.5 5720 1110 3.67 12.0 150
39i 55-61 8 2.0 BD 18.3 1400 106 1.83 4.82 46.1
39j 61-97 8 4.4 BD 8.6 1050 22.1 1.17 5.13 79.5
39k 97-102 9 14.5 BD 40.8 6460 59.3 1.40 9.17 143
40b 0-2 1 274 16.8 2250 14300 1590 5.93 157 2140
40c 2-50 1 86.6 BD 929 14200 561 1.26 86.1 1030
48a 0-14 1 135 1.97 957 8330 904 2.90 111 920
48b 14-31 2 1670 BD 1450 14500 640 1.60 367 1030
48c 31-49 7 15.7 BD 2700 1430 262 BD 9.33 225
49a 0-16 2 369 BD 588 8650 237 1.40 166 313
49b 16-33 2 1180 BD 1090 15100 253 1.15 429 620
49c 33-38 5 1690 BD 25700 12000 991 1.83 1090 2360
49d 38-44 6 1600 BD 25000 3960 1730 2.47 2580 3590
49e 44-58 7 16.5 3.80 117 5900 1110 5.70 32.4 1080
50a 0-21 1 66.1 BD 463 4850 1160 2.10 59.8 569
50b 21-24 1 81.4 1.40 727 7600 1130 3.80 94.9 849
50c 24-51 1 71.4 1.29 493 7000 1170 3.23 64.2 695
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Appendix A, Table 2, continued.
Interval Sediment
Sample (cm) Type As Cd
51a 0-9 1 266 6.83
51b 9-38 2 223 4.63
51c 38-48 9 357 BD
52a 0-8 1 415 3.23
52b 8-12 2 1320 BD
52c 13-20 2 1130 BD
52d 20-25 7 492 BD
52e 27-58 8 2.2 2.02
59a 0-5 10 295 2.93
59b 5-10 11 39.2 BD
59c 10-15 11 18.0 BD
60a 0-40 1 386 BD
67a 0-15 1 27.8 0.93
LOD 1.0 0.33
Cu Fe N i Fb Zn
1850 10000 1630 6.93 195 1740
1840 15000 1210 6.53 234 2500
1750 47300 999 4.60 298 3780
4550 7170 983 3.73 270 1320
1570 12500 150 1.15 98.1 224
573 9280 263 1.85 74.9 188
4750 4550 665 0.73 1300 533
3580 2050 318 1.78 11.1 244
1840 3890 781 4.70 361 1310
80.1 883 319 4.43 15.3 60.4
37.8 1440 275 4.77 11.6 55.0
1070 10700 1020 3.30 157 1220
154 3360 1290 1.50 25.2 375
0.067 0.13 0.067 0.33 1.0 0.067
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A ppend ix  A, Table 3. Chem ical d a ta  for w ater extracts of C lark Fork River 
floodplain  sedim ents, C oncentrations in  jig /g . Key for sedim ent types in 
appendix  A, table 4.
Interval Sediment
Sample (cm) Type As Cd Gi Fe Mn N i Pb Zn
2b 0-13 2 BD 1.78 1080 10.7 80.0 BD 0.93 313
2c 13-25 2 BD 0.53 288 7.80 22.4 BD BD 77.7
2d 25-30 3 BD 0.50 313 12.8 18.1 BD 1.10 78.1
2e 30-40 4 BD 0.66 541 10.4 18.4 BD 1.22 91.6
2f 40-47 5 BD 1.23 822 0.80 17.0 BD 2.10 104
2g 47-58 4 BD BD 11.9 189 13.3 BD 1.06 9.18
2h 58-70 6 12.0 BD 61.9 15.8 9.67 BD 2.23 14.2
2i 70-80 8 BD BD 15.6 182 17.6 BD BD 8.14
2j 105-115 8 BD BD 7.04 35.0 0.39 BD BD 1.85
3a 0-10 1 4.92 BD 3.54 71.4 0.66 BD BD 14.9
3b 10-23 2 BD BD 7.36 0.80 22.0 BD BD 4.82
3c 23-28 3 BD BD 1.54 16.4 0.48 BD 0.62 14.3
3d 28-45 6 8.14 BD 21.1 10.6 3.70 BD 1.10 4.98
3e 45-60 6 24.5 BD 12.1 5.40 6.48 BD 1.26 4.18
3f 60-85 7 BD BD 0.52 18.0 9.24 BD BD 3.94
11a 0-17 1 4.52 BD 32.0 3.21 5.95 BD BD 29.2
lib 17-27 7 2.68 BD 15.0 50.2 0.96 BD BD 8.88
11c 43-63 7 BD BD 0.16 5.00 0.12 BD BD BD
lid 63-90 7 BD BD 0.13 6.20 0.30 BD BD 7.95
l ie 90-100 8 BD BD 0.24 514 7.52 0.38 BD 7.78
I lf 100-112 8 BD BD 0.36 131 1.04 BD BD 0.49
12a 0-16 2 1.17 BD 45.8 1.64 3.95 BD BD 21.9
12b 17-26 2 3.16 BD 5.44 16.5 1.61 BD BD 4.78
12c 26-28 3 2.68 BD 12.9 26.1 7.25 BD 0.65 21.1
12d 28-38 4 1.02 0.58 41.6 0.60 22.8 0.20 BD 77.1
12e 38-57 7 BD 0.26 3.16 1.10 10.3 0.25 BD 28.6
14a 0-22 2 3.19 BD 47.5 8.49 6.13 0.23 BD 16.0
14b 22-31 2 0.68 BD 118 11.0 11.2 BD BD 29.7
14c 31-38 6 3.63 BD 130 50.1 14.3 BD BD 35.2
14d 38-43 7 2.70 BD 106 53.5 5.81 BD BD 17.3
14e 43-77 8 BD BD 4.74 6.09 0.62 BD BD 1.83
15a 0-14 1 83.4 10.9 924 9020 1080 4.27 70.3 1250
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Appendix A, Table 3, continued
Interval Sediment
Sample (cm) Type As Cd Cu Fe Mi N i Pb Zn
27b 0-9 3 4.30 1.70 1820 37.0 85.0 0.22 1.16 307
27c 9-20 4 BD 1.10 1600 55.6 57.7 0.20 1.04 215
27d 20-23 4 0.92 1.20 1750 78.8 47.1 0.24 2.26 195
27e 23-33 5 BD 2.30 4030 10.2 72.5 0.54 6.08 319
27f 33-45 6 1.40 1.40 2470 176 55.4 0.52 4.04 224
27g 45-71 7 4.28 BD 40.0 43.4 5.36 0.22 3.80 54.8
27h 71-100 8 0.14 BD 2.02 214 4.06 0.28 1.60 1.86
38a 0-5 10 8.38 BD 0.98 0.40 0.10 BD BD 0.16
38b 5-15 11 1.84 BD 0.11 105 2.30 BD BD 0.84
38c 15-25 11 BD BD 0.10 123 2.70 BD BD 0.76
39b 0-11 2 1.12 0.52 194 33.6 8.96 BD 0.86 40.7
39c 11-15 3 BD BD 206 45.6 14.2 BD BD 57.4
39d 15-17 3 BD BD 143 49.1 7.29 BD BD 33.2
39e 17-32 4 BD BD 160 27.4 6.26 BD BD 21.1
39f 32-39 5 BD BD 30.7 21.1 7.08 BD BD 23.5
39g 39-49 6 3.92 BD 17.3 27.2 22.9 BD 3.30 77.6
39h 49-55 7 BD BD 0.16 162 3.98 BD BD 1.02
39i 55-61 8 BD BD BD 65.6 0.78 BD BD 0.78
39j 61-97 8 BD BD 0.42 260 1.28 BD BD 3.26
39k 97-102 9 BD BD 0.15 265 3.84 BD BD 3.29
40b 0-2 1 BD BD 1.26 0.60 0.62 BD BD 3.48
40c 2-50 1 BD BD 2.65 32.5 0.85 BD BD 2.00
48a 0-14 1 0.39 BD 1.49 5.27 0.65 BD BD 0.84
48b 14-31 2 15.2 BD 10.9 187 2.45 BD 0.76 8.68
48c 31-49 7 2.28 BD 66.3 69.8 2.90 BD BD 7.10
49a 0-16 2 6.02 BD 6.78 164 1.00 BD 0.60 4.96
49b 16-33 2 15.7 BD 8.94 219 0.70 BD 1.46 5.50
49c 33-38 5 24.5 BD 192 31.2 1.18 0.38 6.96 18.8
49d 38-44 6 48.3 BD 61.4 8.40 1.08 BD 3.06 6.36
49e 44-58 7 BD BD 0.68 76.8 4.26 BD BD 3.74
50a 0-21 1 BD BD 0.55 2.54 0.43 BD BD 0.43
50b 21-24 1 BD BD 0.53 0.26 0.34 BD BD 1.87
50c 24-51 1 BD BD 1.34 1.05 0.48 BD BD 0.25
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Appendix A, Table 3, continued.
Interval Sediment
Sample (cm) Type As Cd Cu Fe Mn N i Pb Zn
51a 0-9 1 BD BD 9.54 0.60 9.54 BD BD 5.55
51b 9-38 2 BD BD 1.70 6.31 15.9 BD BD 13.1
51c 38-48 9 BD BD 1.26 5.56 5.57 BD BD 1.80
52a 0-8 1 5.08 BD 28.2 13.4 18.3 BD BD 34.9
52b 8-12 2 6.73 BD 54.8 89.1 5.20 BD BD 11.7
52c 13-20 2 0.86 BD 32.6 10.5 4.63 BD BD 5.79
52d 20-25 7 ,5.04 BD 51.0 91.6 6.13 BD 3.03 7.50
52e 27-58 8 BD BD 7.49 1.00 3.11 BD BD 2.38
59a 0-5 10 26.0 BD 17.1 82.8 1.02 BD 0.60 5.72
59b 5-10 11 6.26 BD 0.80 20.0 0.64 BD BD 0.14
59c 10-15 11 2.92 BD 0.34 54.4 0.82 BD BD 0.44
60a 0-40 1 2.72 BD 6.80 72.6 2.50 BD 0.76 6.40
67a 0-15 1 0.67 BD 2.67 15.1 9.50 BD BD 1.63
LOD 0.6 0.2 0.04 0.08 0.04 0.2 0.6 0.04
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A ppendix  A, Table 4. Key for sedim ent types u sed  in  A ppendix  A, Tables 1 
th ro u g h  3.
S e d im e n t
Type Sedim ent Type
N u m b e r (table 5)
1 R ew orked tailings
2 U pper tailings
3 Pink d a y
4 Low er tailings
5 G reen sand
6 R educed tailings
7 Paleo A horizon
8 Paleo subsoil
9 C hannel fill deposited  d u ring
form ation  of m in ing  terrace
1 0 U nflooded  surface soil
1 1 U nflooded  subsoil
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A ppendix  B, Table 1. Chem ical da ta  for surface sed im ent (0-2 cm) on  Clark 
Fork River floodplain  in m g/1. (Abbreviations: BD, below  detection; b, y, & t, 
crusts on  unvegeta ted  p u re  tailings; ro, rew orked  overbank  deposits; rp , older 
rew orked  channel deposits; rd , younger rew orked  channel deposits; uf, 
unflooded  soils; LOD, lim it of detection.)
Sample Sediment
ID Type A1 As Ca Cd Gi Fe Mg Mi N a
2 b 40 BD 506 7 3040 4.83 1380 512 186
3a ro 0.06 BD 115 0.006 0.37 0.04 22.0 1.10 13.9
4 y 15.4 0.19 480 1.7 538 3.45 2500 107 1330
5 b 67.3 0.032 470 5 1700 5.55 1220 393 177
6 b 20.7 BD 483 2.6 726 2.15 805 345 81.2
7 b 17.4 0.041 459 5 1150 2.52 1130 304 582
8 b 103 0.033 506 2.1 5800 6.61 335 188 65.0
9 b 27.8 BD 485 2.5 2230 3.54 790 324 162
10 b 59 0.081 495 6.7 3020 6.02 1160 483 123
11a ro 0.48 0.23 229 0.005 1.60 0.16 44.4 0.30 84.4
13 b 31.9 0.068 477 4.2 829 1.73 2600 330 3050
15 rp 0.32 BD 212 0.002 0.093 0.74 10.4 0.064 3.40
16 b 217 BD 474 8.9 5050 9.63 1280 471 70.8
17 y 14.3 0.21 448 4.2 562 48.2 1010 644 787
18 b 60.5 0.096 458 2.8 3240 8.70 1290 587 158
19a y 14.8 0.093 457 1.2 613 0.90 2090 114 2500
19b b 11.3 0.08 414 0.68 363 1.56 2430 64.8 1620
20 c 1.06 0.42 31 BD 1.30 1.56 6.53 0.95 141
21 b 11.4 0.139 474 1.6 807 0.80 2170 226 2170
22a y 35.4 0.032 451 2.1 367 0.46 2220 60.8 3720
22b b 19.4 BD 410 0.79 185 0.67 1460 28.4 1840
23a b 85.5 0.39 362 5.6 424 5.16 1190 545 141
23b b 61.3 0.28 494 3.9 1250 3.87 291 383 124
25a b 80.9 BD 497 11.7 4940 4.47 1300 181 329
25b t 0.75 0.059 432 1.1 6.43 0.37 3730 89.1 2480
25c b 41.8 BD 479 9.7 3570 4.15 2310 593 650
26a b 58.7 BD 208 13.8 5060 38.3 1120 888 261
26b t 286 0.73 461 4.3 1960 56.1 688 149 279
24 t 0.78 0.091 511 0.42 73.9 0.17 346 11.9 384
27 b 28.5 0.127 469 5.3 2730 2.12 875 309 413
28 c 0.073 0.64 463 BD 0.62 0.03 177 0.091 571
29 c 0.063 0.65 557 BD 0.24 0.025 32.3 0.083 122
30 b 24.8 0.057 469 2.1 3540 3.15 1940 510 168
31 b 50.9 0.35 447 6.2 2200 7.91 1100 425 607
32 b 70.5 0.21 473 5.4 6290 4.90 664 508 77.6
34a b 357 0.58 480 3.7 3420 8.78 318 467 42.1
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Appendix B, Table 1
Sample













































































Appendix B, Table 1, continued.
Sample Sediment
ID Type A1 As Ca Cd Gi Fe Mg Mn N a
34b b 321 0.42 452 3.3 2990 7.36 283 413 27.8
33 b 61.7 0.098 257 2.9 10100 13.5 324 285 68.5
36a b 78.7 0.098 227 2.6 4460 3.75 1940 714 218
36b t 34.8 BD 491 1.7 381 2.79 329 190 256
36c b 101 BD 476 3.2 2010 6.38 1130 659 259
35 t 55.2 0.149 366 1.3 584 0.97 99.0 268 16.9
37 rp 0.08 BD 71.8 0.059 0.62 0.059 10.6 4.93 3.10
38a c 0.055 0.42 350 BD 0.049 0.02 74.6 0.005 264
39 b 387 0.24 483 2.3 4640 42.3 1067 274 113
40a rp 0.065 0.06 634 0.007 0.43 0.044 32.5 1.44 39.1
41a b 356 0.112 489 3.2 6380 6.12 692 577 107
41b b 284 BD 385 2.6 3920 4.82 491 517 55.1
41c b 393 0.22 488 3 4550 7.97 641 640 68.3
42 b 25.9 0.05 453 2 3080 1.67 1720 923 1260
43 t 4.69 0.035 5 77 0.5 250 1.19 44.1 58.9 34.0
44 b 48.3 0.053 472 1.8 1250 4.07 1300 235 995
45 c 0.055 0.49 576 BD 0.074 0.031 64.2 0.045 27.5
46 b 7.91 0.087 488 0.95 322 4.27 1080 137 682
47 t 27.4 0.06 493 2.5 783 4.39 412 266 178
48a rd 0.14 BD 48.2 BD 0.075 0.26 3.53 0.032 1.80
50a rd 0.11 BD 43.1 BD 0.028 0.13 3.28 0.022 2.37
51a rp 0.06 BD 466 0.005 0.48 0.03 22.2 0.48 19.9
52a ro 0.51 0.25 64.2 0.007 1.41 0.67 10.4 0.91 14.2
53 t 3.05 0.064 460 2.4 678 1.82 1310 179 2760
54 t 18.9 0.174 461 1.6 558 3.96 797 153 670
55 c 0.065 0.126 411 BD 0.036 0.022 59.2 BD 405
56 ro 0.37 BD 612 0.18 22.6 0.13 20.5 13.2 20.4
57 c 6.81 0.052 9.4 0.005 0.52 4.60 3.26 0.84 0.64
58 t 10.1 0.049 522 1.6 343 2.31 144 176 213
59 c 1.16 1.14 43.5 BD 0.69 1.35 16.0 0.053 27.5
60 rp 1.50 0.14 17.8 BD 0.34 3.63 1.80 0.13 2.60
61 t 9.9 0.041 551 0.43 315 1.71 101 74.8 51.9
62 rp 0.108 0.042 314 0.004 0.24 0.037 27.8 0.46 19.7
63 ro 3.39 0.042 583 0.31 99.0 0.92 81.7 25.5 97.8
64 b 171 0.39 471 5.1 1960 11.4 708 873 209
65 b 156 0.20 488 1.9 4570 13.1 579 284 73.8
66 t 9.05 BD 456 2.2 96.5 0.78 2850 112 1880
67 rd 0.56 0.035 7.1 BD 0.19 0.76 1.21 0.46 1.10
LOD 0.02 0.03 0.006 0.002 0.002 0.004 0.02 0.002 0.05
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Appendix B, Table 1, continued.
Sample















































































LOD 0 .01 0 .0 0 2
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A ppendix  B, Table 2. Chem ical da ta  for M ill-W illow Bypass surface 
sedim ents (CH2M  H ill, 1989b).
Pollution
X/Y coordinates As A1 Cd Gi Mi Zn pH Index
000+00/0+37 12 37 4.2 16 7 25 7.69 -0.14
001+00/1+46 5030 2140000 14500 1720000 1410000 3120000 2.57 4.47
007+00/0+18 1140 244000 12000 1640000 1590000 3590000 4.22 4.22
034+00/0+45 317 37 4.2 274 671 375 6.82 0.46
042+75/0+00 660 146000 178 94000 230000 60000 3.10 2.95
050+00/0+15 1670 92 49 1310 26200 6660 5.94 1.31
060+00/0+31 2.5 2290 265 20500 38000 56000 4.55 2.37
060+00/0+82 2.5 37 37 100 13500 4970 6.15 0.87
070+00/0+15 23900 24600000 92000 10900000 7570000 16300000 2.24 5.31
070+00/0+43 3.2 37 134 2020 28800 38000 5.43 1.56
070+00/0+63 253 134000 334 67200 55000 78200 3.15 3.00
080+00/0+00 3190 37 4.2 231 752 322 7.47 0.43
080+00/0+37 13 37 36 107 18200 4480 6.05 0.86
085+00/0+00 3080 2240000 11000 1460000 745000 1840000 2.54 4.37
085+00/0+23 4580 3680000 11000 1790000 726000 2060000 2.71 4.46
090+00/0+35 3380 1940000 9500 1170000 758000 1450000 2.61 4.29
090+00/0+44 5140 4140000 15000 2480000 1870000 2810000 2.78 4.57
095+00/0+22 9200 3290000 11000 1340000 629000 2080000 2.53 4.41
097+50/0+85 2500 1760000 8620 690000 320000 1190000 2.89 4.19
097+50/0+95 10500 12900000 108000 15900000 4020000 13800000 2.85 5.28
100+20/0+04 12400 8840000 70000 6440000 4860000 13800000 2.62 5.10
120+00/0+81 1220 454000 2150 442000 344000 328000 2.67 3.70
120+00/1+08 2460 66 4.2 564 388 483 7.64 0.63
125+40/0+05 7.7 37 140 1020 38000 28500 6.35 1.46
125+40/0+57 7.8 63700 2000 186000 224000 454000 4.28 3.42
130+00/0+08 6.9 37 323 1030 60500 123000 5.84 1.71
135+00/0+39 21300 2230000 6250 584000 239000 646000 2.24 4.09
145+00/0+43 13900 594000 2750 170000 84800 148000 2.34 3.57
145+00/0+91 3100 2190000 6750 758000 341000 1050000 2.75 4.18
165+00/0+13 232 37 304 1120 53500 42000 6.41 1.59
175+00/0+17 128 37 7 194 102 53 7.62 0.27
180+00/0+47 189 37 14 241 1250 1420 6.75 0.72
185+00/0+12 531 170000 1050 246000 426000 184000 3.25 3.39
185+00/1+15 403 110 4.2 242 515 171 7.22 0.48
200+00/0+35 274 6520 26 1160 5830 4250 4.13 1.64
205+00/0+35 296 37 5 540 1140 149 7.43 0.46
210+00/0+21 18 40 4.2 200 88 132 7.59 0.32
210+00/0+41 305 37 4.2 1140 1190 377 7.27 0.62
215+00/0+23 261 37 4.2 441 700 433 7.28 0.53
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Appendix B, Table 2, continued.
X/Y coordinates As A1 Cd Cu Zn pH
Pollution
Index
220+00/0+55 1840 385000 1050 179000 133000 133000 2.41 3.41
230+00/0+13 260 37 1050 518 16000 15200 6.47 1.53
230+00/0+97 195 37 4.2 522 1020 532 7.25 0.57
240+00/0+50 327 37 4.2 161 91 111 7.69 0.27
240+00/0+80 3.1 37 4.2 322 153 231 7.24 0.43
240+00/1+20 13 37 6 557 7840 1090 6.82 0.69
260+00/0+00 3.8 37 4.2 483 291 587 7.33 0.57
275+00/1+05 7.8 880 4.2 1130 530 366 7.38 0.96
285+00/0+00 2.5 3100000 17500 2740000 1250000 2880000 3.40 4.57
295+00/0+42 5 553000 62500 5340000 1580000 3940000 3.88 4.63
